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Abstract— In this paper we describe the design, implemen-
tation and results of multi degree of freedom (DOF) active
vibration control for a Coriolis mass-flow meter (CMFM).
Without vibration control, environmental vibrational dis tur-
bances results in nanometre movement of the fluid-conveying
tube which causes erroneous mass-flow measurements. In order
to reduce the transmissibility from external vibrations to the
internal tube displacement active vibration control is applied.

A comparison of a feedback control strategy (adding virtual
mass and skyhook damping) and an adaptive feedforward con-
trol strategy is made, taking into account the sensor noise levels.
Theoretic results are validated with a multi-DOF experimental
setup, showing up to 40dB reduction of the influence of external
vibrations. The amount of reduction is limited by the sensor
noise levels.

I. INTRODUCTION

A CMFM is an active device based on the Coriolis force
principle for direct mass-flow measurements independent of
fluid properties [1]. The CMFM contains a fluid conveying
tube. An example of a window-shaped tube is depicted in
Fig. 1. The tube is actuated to oscillate in resonance with
a low amplitude around theθtwist -axis. A fluid flow in the
vibrating tube induces Coriolis forces, proportional to the
mass-flowΦ̇m:

Fcor =−2L · θ̇twist × Φ̇m (1)

this force results in a rotation around theθswing-axis and
thus affecting the modeshape of the actuation mode. Mea-
suring the tube displacements allows measuring the mass-
flow. Besides an effect of the mass-flow on the modeshape,
support excitations can introduce motions that cannot be
distinguished from the Coriolis force induced motion, thus
introducing a measurement error [2], [3]. To reduce the
sensitivity of the flow measurement 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 [4].
The parameters are adjusted to achieve high-frequency at-
tenuation. However, the performance of passive isolation,
applied to a CMFM, is limited [5]. An alternative and widely
used approach is to apply active vibration isolation control.
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Fig. 1. Window-shaped tube

This paper extends self-tuning feedforward control, pre-
sented in [6], and compares it to a feedback strategy [5],
both applied to a CMFM. These strategies are compared on
the ability to reduce the influence of external vibrations on
the mass-flow measurement value. The experimental setup
is explained in [6], [7]. Several advances are made: the
feedforward strategy is extended to MIMO and the influence
of the sensor noise levels is included in the analysis.

The paper starts with a model description in section II.
In section III, the different control strategies are presented.
Results of the experimental validation are presented in sec-
tion IV. The paper finalises with a discussion in section V
and a conclusion in section VI.
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Fig. 2. Simplified model of the CMFM tube [3]

II. MODEL

In this section a simplified model is presented. In [3] a
complex model of a CMFM is reduced to a 1D mass-spring
system. This model is depicted in Fig. 2 and describes the
influence of external vibrationsa1 and the Coriolis effect
Fcor (Eq. 1) on the displacement of the tube. From which
the mass-flow measurement is derived. The tube properties
arem2 = 2.45e−5 kg,d2 = 1.60e−5 Ns/m andk2 = 10.4 N/s,
resulting in a relative undamped resonance frequencyω2 =
103.7·2π rad/s. The actuation mode, a oscillation around the
θtwist -axis, has a resonance frequencyωact = 175·2π rad/s,



but this mode is not included in this simplified model.
This actuation mode induces the forceFcor at the actuation
frequency. The displacementycor, expressed in the Laplace
domain, is equal to:

ycor(s) =
−1

s2+ d2
m2

s+ k2
m2

a1(s)+
−1

m2s2+ d2s+ k2
Fcor(s) (2)

this displacement is dependent on the external vibrationsa1

and on the mass-floẇΦm, generatingFcor.
An external disturbance with a frequency content around

the actuation frequency has a direct influence on the mass-
flow measurement value [3]. The transmissibility froma1 to
ycor describes this influence. Minimising this transmissibility,
without affecting the transfer function ofFcor to ycor, results
in a reduction in the sensitivity for external disturbances.
The attenuation is only needed in a relatively small (50 Hz)
frequency band around the actuation frequency. This is
indicated by a 50 Hz wide region of interest (RoI) in all
the figures in this paper.
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Fig. 3. Mass-damper-spring model: 1D representation of multi-DOF system

A possible solution is to add a passive suspension between
de CMFM tube and the floor. This results in an extension
of Fig. 2 as depicted in Fig. 3. The influence of external
vibrations on the newly introduced stage is:

a1(s) =
d1s+ k1

m1s2+ d1s+ k1
a0(s)+

s2

m1s2+ d1s+ k1
Fa(s) (3)

where the effect of the tube on the suspension is neglected,
which is only valid if m2 ≪ m1. When we neglect the force
Fa, this is a form of passive vibration isolation [4]. The per-
formance is insufficient, because the suspension frequency
is limited by the maximum stress in the connection tubes
and a maximum allowable sag due to gravity. Therefore
sensors and actuators are added to the model for active
vibration isolation control (AVIC). Two realisations of such
AVIC stage are given in [5] and [7]. In our model we
choose a suspension mode with a resonance frequency of
ω1 = 30· 2π rad/s. Form1 = 0.2 kg and relative damping
ζ = 0.01, this results ind1 = 0.75 Ns/m andk1 = 7.1e3 N/s.

The actuator is operated in voltage-mode in order to
obtain the least amount of actuator noise, resulting in an
addition pole in the transfer function, which is dependent on

the motor-constantkm, inductionL and resistanceR of the
actuator coil:

Fa(s) =
km

Ls+R
U(s)≈ ωind

s+ωind
U(s) (4)

whereby the low frequency gain is assumed to be 1.
The model for control can be summarised as follows. A

primary path, also called the transmissibility:

P(s) =
a1(s)
a0(s)

=
d1s+ k1

m1s2+ d1s+ k1
(5)

and a secondary path, the actively controlled part:

S(s) =
a1(s)
U(s)

=
s2

m1s2+ d1s+ k1
· ωind

s+ωind
(6)

both resulting in an accelerationa1, which needs to be
minimised to reduce the influence on the mass-flow mea-
surement.

III. CONTROL ALGORITHM

Actively reducing the influence of external vibrations can
be done in several ways. In this section a feedback and an
adaptive feedforward strategy are compared on the ability to
reduce the transmissibility and to handle sensor noise. For
clarity, the model and the control strategies are presented
SISO. Only the adaptive algorithm is presented in MIMO,
since this is not straightforward.

A. Feedback

Reconsider the model in Fig. 3. The transmissibility from
external vibrationsa0 to the Coriolis displacementycor gives
the influence of external vibrations on the measurement
value of a CMFM [3]. In [5] and in more detail in [10],
a strategy is presented to use acceleration feedback to add
virtual mass and skyhook damping tom1. This results in a
lower suspension frequency and thus a lower transmissibility.
The expression for the controller is given by:

CFB(s) =
U(s)
a1(s)

(7)

=

(

Ka +
Kv

s

)
s2

s2+2ζ f ω f s+ω2
f

︸ ︷︷ ︸

H1(s)

ω2
r

s2+2ζrωrs+ω2
r

︸ ︷︷ ︸

H2(s)

whereKa = 0.17 is the added virtual mass andKv = 20.5 the
added skyhook damping to lower and damp the suspension
mode with frequencyω1. The definitions ofKa end Kv are
presented in [5]. The termH1(s) is a second-order high-
pass filter with a corner frequencyω f = 1 · 2π rad/s and
ζ f = 0.7, used to prevent actuator saturation. The termH2(s)
is an sightly damped second-order low-pass filter at the tube
actuation frequencyωr = 175·2π rad/s. This filter limits the
control bandwidth and adds extra attenuation in the region
of interest due to a lowζr = 0.07.

The strategy is depicted schematic in Fig. 4 and the
result is depicted in Fig. 8, showing an attenuation of the
transmissibility in the region of interest. The strategy has
disadvantages: High performance requires a high controller



a0

a1

n1
P(s)

S(s)

CFB(s)

U

++

++−

Fig. 4. Feedback scheme, based on (3) and (7). Noisen1 is added to the
acceleration sensor, measuringa1

bandwidth, but the bandwidth is limited by the high fre-
quency dynamics of the system. Therefore, complete knowl-
edge of the system dynamics is required to guarantee a robust
and stable system.

B. Adaptive Feedforward

Alternatively a feedforward strategy can be applied. An
extra sensor measures the external vibrations and this signal
can be used for compensation of the stage movements. The
schematic is depicted in Fig. 5.
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Fig. 5. Feedforward scheme

Optimal compensation can be achieved with the following
controller:

CFF(s) =
U(s)
a0(s)

=−P(s)S−1(s) =−d1s+ k1

s2 · s+ωind

ωind
(8)

SinceP(s) andS(s) have poles in common, they cancel out.
Therefore, the controller is only dependent on the physical
parameters - stiffness, damping and actuator dynamics -
between the floor and the suspended stage, no knowledge
of the internal dynamics is needed. This can be understood
conceptually as follows; by compensating the forces due to
the stiffness and damping, no forces are transmitted from the
floor to m1. The controller (8) can be written as a series of
Infinite Impulse Response (IIR) filters with ideal parameters:

CFF(s) = FFF(s)www =
[ 1

s2
1
s 1

]






−k1

−d1− k1
ωind

− d1
ωind




 (9)

In practice, only estimated parameters are available. In
this paper we propose a filtered-reference least-mean-square
(FxLMS) algorithm with residual noise shaping [8] to update
the weights, the scheme is depicted in Fig. 6. The IIR filters
with fixed poles, makes the adaptation inherently stable.
The FxLMS algorithm is explained in the remaining of this
subsection. The algorithm minimises the following quadratic
cost function:

J(n) = e′(n)T e′(n) (10)
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Fig. 6. Modified FxLMS adaptive feedforward control.

with n the iteration step. The filtered error is given by:

e′(n) = Ne(n) = N(P+ SwwwFFF)a0(n) (11)

whereby the controllerC2(s) is omitted. The error is filtered
using the filterN(s) in order to minimise the error in only a
small frequency band.N(s) is defined as a 50 Hz bandpass
filter between 150 and 200 Hz (the region of interest). The
weights are determined, using the following update law:

www(n+1) = www(n)− µ
2

(
∂J(n)
∂www(n)

)T

(12)

with adaptation rateµ . For updating the weights, the gradient
of the quadratic cost function is needed:

∂J(n)
∂www(n)

=
∂J(n)
∂e′(n)

∂e′(n)
∂www(n)

≈ 2e′(n)NSFFFa0(n) = 2e′(n)xxx′(n)

(13)
Merging (12) and (13) gives the update law:

www(n+1) = www(n)− µxxx′(n)T e′(n) (14)

To determinexxx′(n) the secondary pathS(s) is needed. The
estimateŜ is a gain matrix, because the gain and phase of
S(s) are approximated to be constant in the small frequency
band ofN(s). Thereforexxx′(n) ande′(n) are already aligned
in time.

Remaining is the discrete-time implementation of the IIR
filter (9). A discrete-time formulation with tame integrators
to prevent drift and actuator saturation is proposed.

FFF(z) =
[

1000α2T 2
s

(z−(1−αTs))
2

√
1000αTs

(z−(1−αTs))
1
]

(15)

whereTs is the sample time and the integrators have a cut-
off frequency atα = 10·2π rad/s. The gains are chosen such
that the power of each of the signals in the vectorxxx′(n) is
equal.

The residual noise filterN(s) tunes the weights such that
the transmissibility is minimal in the region of interest.
Using the filter has the disadvantage that the suspension
frequency is not damped. But damping of this suspension
mode is desirable, therefore a simple feedback controller [11]
is added to the feedforward strategy:

C2(s) =
U(s)
a1(s)

=
ω2

susp

s2+2ζωsusps+ω2
susp

(16)



where ζ = 0.3 and ωsusp = 30· 2π rad/s≈ ω1 is the sus-
pension frequency. The result of the feedforward strategy is
shown in section III-E.

C. Feedforward MIMO formulation

The feedforward strategy is presented in SISO, but for
the implementation a MIMO formulation is needed, because
there are more than one reference and error sensors and
multiple actuators in the experimental setup. Therefore the
following formulation, introduced by [9], is used:

xi,l(n) = Flri(n)

x
′
i, j,k,l(n) = NŜ j,kxi,l(n)

µ(n) =
µ̄

ε + x
′
i, j,k,l(n)x

′
i, j,k,l(n)

wi, j,l(n+1) = wi, j,l(n)− µ(n)x
′
i, j,k,l(n)ek(n)

f j(n) = wi, j,l(n)xi,l(n)

where: I : number of reference signals

J : number of actuators

K : number of error sensors

L : number of weights in each filter

D. Sensor Noise

Active vibration isolation control is able to reduce the
influence of external vibrations. However, every sensor is
a possible source for extra disturbances. Therefore, the
sensitivity for sensor noise is determined in this section.

Sensor noise is added to the sensors measuring the floor
and stage vibrations, respectabilitya0 and a1. The noise
signalsn0 andn1 are added in the feedback and feedforward
strategies in Fig. 4 and 6. For the feedback strategy, the
sensitivity is equal to:

SFB =
a1(s)
n1(s)

=
−S(s)CFB(s)

1+ S(s)CFB(s)
(17)

In the feedforward strategy, there are two sensitivity func-
tions, because there are two sensors:

SFF,0 =
a1(s)
n0(s)

=
S(s)CFF(s)

1+ S(s)C2(s)
(18)

SFF,1 =
a1(s)
n1(s)

=
−S(s)C2(s)

1+ S(s)C2(s)
(19)

the sensitivity functions are depending on the secondary
path (6) and the designed controllers (Eq. 7,9 and 16). All
three sensitivity functions are depicted in Fig. 7. The noise
level has a direct influence on the accelerations of the stage:

Φa1 = |Sa1,n|2 ·Φn (20)

where Φ is the Power Spectral density of respectively the
signalsa1 and n and Sa1,n is one of the above sensitivity
functions. For the feedback strategy the sensitivity is much
higher in the region of interest, because the feedback tries
to compensate for the sensor noise, imposing the stage to
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move in anti-phase with the noise. Therefore the noise level
of the sensors should be much lower than for the feedforward
strategies.

E. Model results

In this section, two active strategies are presented to
reduce the influence of external vibrations on the mass-flow
measurement value of a CMFM. In Fig. 8 the transmissibility
from external vibrationsa0 to the flexible suspended stage
accelerationsa1 is depicted for all strategies. The best
attenuation in the region of interest is achieved using the
feedforward strategy, which gives an attenuation of more than
50 dB.

IV. EXPERIMENTAL VALIDATION

In this section the control algorithm of section III is
validated. First the experimental setup is explained. Further
the influence of external vibrations is compared for all
presented strategies. This is done by the comparing the PSD
of the acceleration error signal and the RMS mass-flow
measurement error.



A. Setup

The experimental setup is depicted in Fig. 9. The details
of the modelling and design of the setup are presented in [7].
This CMFM is an active version of the patented design [12].
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Fig. 9. Solidworks model of the experimental setup [7]. Onlythe flexible
suspended stage is depicted. On top, a Coriolis tube (Fig. 1)is mounted

The used acceleration sensors are Silicon Design 1221-
2g sensors, selected on their size and noise performance
(5µg/

√
Hz). Three acceleration sensors on the floor plate are

used as reference sensors (a0).
Because onlyy-translation andRx-rotation of the stage

are needed to be reduced, see [3], the signals of the three
acceleration sensors on the suspended stage are combined
to two error signals, containing both they translation and
the Rx rotation of the stage. Three voice coil actuators are
available to apply a force between the casing and the stage.
The active strategies are implemented using MATLAB XPC
Target in combination with an NI-6259 data acquisition card.
The real-time system runs with a sample rate of 16 kHz.

The setup is placed on a 6-sDOF shaker to be able to
apply external disturbances. A broadband white disturbance
in y direction between 5 and 500 Hz is applied on the floor
plate, for a good comparison of the different configurations.

B. PSD of error sensors

In Fig. 10 the PSD of both error sensors is depicted for
the cases: reference, the passive suspended case, for the
feedback strategy and the feedforward strategy. Attenuation
in the region of interest is achieved up to 40 dB with respect
to the reference case. It is limited due to the sensor noise,
which is 1e−8 (m/s2)2/Hz.

Compared to the passive vibration isolation the active
system adds only a minimal extra attenuation. Which is
about 10 dB for both the feedback and feedforward strategy.
Outside the region of interest the undamped suspension
modes (around 30 Hz) and an internal mode (around 300 Hz)
are clearly visible. Further, harmonics of 100 Hz are visible,
which are probably due to the used voltage source.

C. Response time

There are three reference sensors and three actuators,
resulting in a 3x3 MIMO controller. Because each direction
has three weights (9), there are 3· 3 · 3 = 27 weights in

total. The settling of the weights is depicted in Fig. 11 for
µ = 0.0001. Due to symmetry in the design a couple of
weights are approximately the same.
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Fig. 11. Time plot of the settling of the weights.

The weights are not a real estimate for the stiffness,
damping and induction pool, because these are adapted such
that the influence of external vibrations is minimal in the
region of interest in the presence of the residual noise shape
filter N(s).

TABLE I

RMS MEASUREMENT ERROR VALUES

RMS error [Norm. units] Reduction [dB]
Reference 0.3043 0
Passive 0.0096 -30.0
Feedback 0.0044 -36.8
Feedforward 0.0049 -35.9

Reference Passive Feedback Feedforward
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Fig. 12. Time domain RMS flow error (Normalised) - 50 sec of Reference,
Passive and Active (feedback and feedforward only) fora0 white and
broadband disturbance

D. Measurement Error

The flexibly suspended stage is build to reduce the in-
fluence of external vibrations on the measurement value of
a CMFM. Therefore also the newly achieved performance
is determined. In Fig. 12 the noise levels are compared for
the different configurations. The RMS values are given in
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Table I. Suppression of the RMS measurement error is 36
dB for both the feedback and feedforward strategy.

V. DISCUSSION

Active vibration isolation control is applied to a multi-
DOF stage. Passive vibration isolation reduces the influence
of external vibrations on the measurement value already by
30 dB, control adds another 6 dB (a factor 2). Based on the
transmissibility, this is less than the theoretically expected
reduction of up to 50 dB. The performance seems to be
limited on both cases by the error sensors, the accelerometers
on the stage. For the feedback strategy this is as expected in
the noise analyse, see section III-D. The feedforward strategy
was expected to perform better, but the tuning of weights
is possibly also influenced by the noise level of the error
sensors. Instead of using the stage accelerometers, it is better
to use the tube displacement sensorycor.

In the model, the suspension modes of the stage are
damped properly. In the experiment, they are still visible
due to coupling between the stage modes. Although the
undamped modes have a minimal effect on the mass-flow
measurement, they should be damped to prevent large tube
displacements.

VI. CONCLUSIONS

Active vibration isolation control, using an adaptive feed-
forward strategy, showing up to 40dB reduction of the influ-
ence of external vibrations. It achieves the same performance
as the feedback algorithm, but does not suffer from stability
issues and is less sensitive for sensor noise. Significant
improvements can be made by using better error sensors.
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