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Abstract 
 
 The Coriolis meter is a resonant-type sensor that is used for measuring the mass flowrate 
and the density of fluids. Its regular operation is conditional on the resonance vibration of its 
measuring tube. This paper presents the characteristics of a resonance control system that is 
based on maintaining the proper phase difference between the detection and the excitation 
signals (phase-locked loop). The controller was realized as a virtual instrument and 
programmed in the LabVIEW environment, which was also used for performing the 
theoretical simulations. 
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1.    Introduction 

 
 The Coriolis meter is used for measuring the mass flowrate and the density of fluids. In 
terms of its operating principle it belongs to the group of resonant sensors [1]. Its primary 
measuring element is a resonant vibrating tube, which conveys the measured fluid. The effects 
of the mass flowrate and the fluid density are detected as changes to the mode shape and the 
natural frequency of the tube, respectively. Besides its mechanical structure, the Coriolis 
meter also consists of the means for vibration excitation and detection (usually based on the 
electromagnetic or piezoelectric principle), and of the (analog or digital) electronic unit, 
which controls the mechanical system and determines the measurands. 

 
 Active resonance control is required in the Coriolis meter, not only for the continuous 
density measurement, but also because the independence of the mass flowrate and fluid 
density measurements is conditional on this state [2]. The resonance-control methods in 
similar systems can be classified as those that are based on searching for the maximum 
amplitude ratio between the response and the excitation signals, and those that maintain a 
typical phase difference between them. The amplitude-type method is only used rarely (see, 
e.g., reference [3], which describes the fluid-density resonant sensor). One of the commonly 
employed phase-type controllers is the so-called amplifying feedback loop, in which the tube 
excitation is realized by an adequately amplified and as-necessary phase-shifted response 
signal (see, e.g., reference [4]). On the other hand, the excitation signal can be generated 
(synthesized) separately, with its frequency controlled in terms of the measured phase 
difference (see, e.g., reference [5]). 
 
 This last described procedure is also applied in the resonance-control system that is 
discussed in this paper. The controller was realized as a virtual instrument that is known as an 
important research and development tool in the field of intelligent sensor systems. It was 
configured using a personal computer with a standard data-acquisition (DAQ) board and 
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LabVIEW graphical programming software (see, e.g., books [6, 7] for an explanation of the 
concept of graphical programming). We already presented some results from using a similar 
control system in reference [8], which was extended by employing a DSP board in reference 
[9]. This paper, however, brings additional information about the preparation of the control 
algorithm, which is able to search for the resonance independently of the mechanical system's 
damping. In practice, the vibration damping of the Coriolis meter's measuring tube can 
increase when it is used to measure fluids with higher viscosities and compressibilities, multi-
component mixtures (e.g. liquid-solid, liquid-gas mixtures), etc. An expected damping effect 
was demonstrated using theoretical simulations of the control system, which were also 
performed in the LabVIEW environment. The quality of the theoretical model was verified by 
comparing its results with measurements. 
 
 
2.    Experimental system 
 
 The measuring-control system constructed for studying the control of the resonance 
frequency in the Coriolis flowmeter is shown schematically in Fig. 1. The stainless-steel 
measuring tube is straight and fixed at both ends. An electromagnetic exciter, located at the 
middle of the tube's length, maintains its harmonic vibration. The excitation force is 
proportional to the electric current through the exciter's coil, which is measured as the voltage 
drop across a known resistor,  iu t . The exciter is supplied from an external function 

generator (Goldstar, type FG-8002), which excitation frequency can be varied by the voltage 
control signal, U . The tube vibration is detected by a piezoelectric accelerometer (Kistler, 

type 8044) that is, like the exciter, fixed at the middle of the tube's length. In a charge 
amplifier (Dewetron, type DAQ-Charge) the accelerometer's charge output is converted to the 
voltage signal,  ou t . (Applying only a single motion detector was sufficient for the purpose 

of this study. Coriolis flowmeters generally use two symmetrically located detectors to 
determine the mass flowrate effect, and in such cases the sum of both detection signals is in 
phase with the motion of the middle of the tube.) 
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Fig. 1.  Block diagram of the measuring-control system. 
 
 



Sensors and Actuators A: Physical 104 (2003) 86-93 
doi:10.1016/S0924-4247(02)00481-8 © 2003 Elsevier Science B.V. 

3 

 The electro-mechanical system under discussion has a personal-computer-based control 
that is realized by means of a DAQ board (National Instruments, type PCI-6031E) and the 
LabVIEW programming environment (National Instruments, version 5.0). The DAQ board 
employs two analog inputs to acquire the data of the excitation and detection signals, one 
analog output to generate the control signal for the excitation frequency of the function 
generator and one timing input to measure the period of the TTL signal from the function 
generator. The LabVIEW program, which is used for the DAQ board control, further data 
analysis and data visualization, functions as the software part of the resonance-frequency 
controller. The prepared control algorithm and its LabVIEW realization are described in the 
next section. 
 
 
3. Controller 
 
3.1 Control algorithm 
 
 The controller has to produce an output signal, the control action U , to change the 

excitation frequency of the function generator if the resonance state of the measuring tube has 
not yet been attained. It has two signals available at the input: the excitation signal  iu t  (the 

voltage signal proportional to the excitation force) and the response signal  ou t  of the 

middle of the tube's length (the voltage signal proportional to the tube's acceleration). 
 
 For the steady-state tube vibration the harmonic excitation and response signals can be 
written as: 

   cosi iu t U t  ,      coso ou t U t   , (1) 

where 2 f   is the excitation frequency, Ui are Uo are the corresponding amplitudes and  
is the phase angle between the signals. If the measuring tube is modelled as a single-degree-
of-freedom linear mechanical oscillator the amplitude ratio Uo /Ui and the phase angle  can 
be expressed as (see, e.g., reference [10]): 
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where K is the static response factor, n = 2fn is the natural frequency of the undamped 
system and  is the damping factor. The results of such a simplified model of the mechanical 
system coincide relatively well with the actual amplitude and the phase frequency 
characteristics, which are shown in Figs. 2 and 3, respectively, and were measured separately 
for the water-filled and empty measuring tube. The Levenberg-Marquardt method was used to 
fit the theoretical characteristics (2) and (3) to the measured data. 
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Fig. 2.  Amplitude-frequency characteristics of the measuring tube in the region of the first resonance 
frequency. 
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Fig. 3.  Phase-frequency characteristics of the measuring tube in the region of the first resonance frequency. 
 
 The equality of the excitation and the natural frequency ( = n) is known as resonance. 
The phase characteristic varies from 3 / 2      below resonance ( < n), through 

3 / 2    at resonance, to 3 / 2 2      above resonance ( > n). In such a system the 
origin of the control algorithm for the resonance frequency can be formed as a typical phase 
comparator of the phase-locked loop (PLL), which generates the frequency-control action on 
the basis of the multiplication of the harmonic signals [11]. The product of the signals from 
Eq. (1) can be written as: 

       i ou t u t u t U u t    , (4) 

where U is a DC component of the product  u t :  

1
cos

2 i oU U U   (5) 
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and  u t  is an AC component of the product  u t : 

  1
cos(2 )

2 i ou t U U t   . (6) 

The DC component is proportional to cos , so it is zero for 3 / 2   , negative for 
3 / 2      and positive for 3 / 2 2     . Thus, it can be used to provide information 

about the deviation from the resonance. Its negative value can be utilized to change the 
frequency of the function generator in the direction of the resonance state. In our application 
of the PLL, a digital averaging loop filter will be employed to estimate the DC component of 
the product. 
 
 However, the properties of the control action have to be examined closely to improve the 
performance of the control system. Considering the expression for phase angle  from Eq. (3), 
cos  equals: 
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If cos  is multiplied by the inverse value of the amplitude ratio /o iU U  from Eq. (2), the 

resulting expression becomes independent of the damping factor : 
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Recalling the introduced modifications, the frequency control action can be written as: 

0 2
o

U
U K

U
   , (9) 

where K0 is the control constant, which has to be properly chosen for the particular controlled 
system. For the presumed steady-state vibration of the single-degree-of-freedom oscillator 
model, Eq. (9) can be rewritten as: 

22
0 0
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K U K
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. (10) 

 
 Certainly, the steady-state assumption is only appropriate for a principal definition of the 
control algorithm. Under the actual circumstances, every frequency's change also leads to 
transient vibrations of the mechanical system, which are added to the steady-state part. For the 
single-degree-of-freedom model the transient part of the response can be written as follows 
[10]: 

     2
, , ,exp cos 1o h o h n n o hu t U t t     , (11) 

where the constants ,o hU  and ,o h  are determined from the initial conditions. The transient 

vibrations decline exponentially. As an illustration, 1 % of their initial amplitude is reached 
approximately in a time of  4.6 / n . It is to be expected that the transients also have some 

influence on the still-attainable steady-state settling time of the control system. 
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3.2 Controller realization in LabVIEW 
  
 Fig. 4 shows a block diagram of the control algorithm, which is based on the findings in 
Section 3.1 and programmed in the LabVIEW environment. After an analog-to-digital (A/D) 
conversion at the DAQ board the excitation and response signals are represented by finite 
sequences of N samples   i iu kTu and   o ou kTu , respectively, where k is an integer 

variable, T is the sampling period and 1/T is the sampling frequency. The number of samples 
is set to 400 and the sampling frequency to 5000 Hz for each signal. Before the signals are 
multiplied the eventual DC offsets are subtracted to prevent a systematic error in the DC 
component of the product. The program also includes the correction of the interchannel delay 
due to multiplex scanning, which has an influence on the phase angle , and therefore on the 
value of the DC component U. The correction procedure is based on Eq. (5), valid for the 
steady-state model. After that the control algorithm proceeds with the calculation of U  

following Eq. (9). 
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Fig. 4.  Block diagram of the control algorithm. 
 
 The computation of the requested DC and AC contents (offsets and amplitudes) of the 
digital periodic signals is realized using the LabVIEW AC&DC estimator. With the intention 
of reducing the effect of the finite signal length the subroutine applies a Hanning window to a 
signal before the mean and the root-mean-square (rms) values are calculated. However, 
because of the windowing the results have to be properly scaled. The rms amplitude of the 

sinusoidal response signal is multiplied by 2  to obtain its peak amplitude Uo. The quality of 
DC and AC measurements depends on the number of signal periods in the measurement time. 
Let us assume an adequately sampled sine signal of unit amplitude and zero DC offset. The 
error of its amplitude estimation is smaller than 0.1 % for a signal longer than three periods, 
but decreasing the error of its zero DC-offset estimation to a level of 0.1 % of the amplitude 
demands more than seven periods. For the system under discussion, the acquired excitation 
and response signals have a length of 80 ms, and so there are more than nine signal periods in 
the observed frequency range. Furthermore, the AC component of the product of both signals 
is expected to have a double frequency (Eq. (6)), which improves the computation of the DC 
component. 
 
 During each iteration of the control loop the calculated U  is added to the value of the 

frequency-control signal from the previous iteration. After the digital-to-analog (D/A) 
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conversion at the DAQ board the resulting signal U  is sent to the input of the function 

generator. Each iteration period has a duration of 100 ms. 
 
 
4.  Experimental and simulation results 
 
 The purpose of this section is to present the dynamic characteristics of the realized 
control system. The described responses are related to the measurements on the measuring 
tube that is constantly filled with the quiescent water. (The responses of the empty, air-filled 
tube are not presented because they do not offer significantly different conclusions. In 
addition to the other resonance frequency of the mechanical system, the main difference is 
only in the nearly 10 % smaller damping.) At the beginning, using the voltage control signal 
U , the excitation frequency of the function generator was set to the chosen initial value sf , 

which deviates from the resonance frequency nf  by about 9 Hz. After some time, when the 

steady-state tube vibration was achieved, the resonance-controller program was started (t = 0). 
Figs. 5 and 6 show the measured and the simulated control system's response for three 
different control constants 0K . Besides the frequency's variations in Fig. 5, the diagrams in 

Fig. 6 show the changes of the normalized control signal: 

2

i o

U
U

U U
  , (12) 

which is closely linked to the phase angle . From Eq. (5), which is based on the steady-state 
model, the assumption yields cosU   . For a relatively lightly damped mechanical 

oscillator the significant changes of  tend to be near the resonance, therefore, U could offer 
a better insight into the control process. 
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Fig. 5.  Variation of the frequency from the initial state to the resonance of the water-filled tube for three 
values of the control constants. 
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Fig. 6.  Variation of the normalized control signal from the initial state to the resonance of the water-filled 
tube for three values of the control constants. 

 
 The theoretical simulations were performed with the modified LabVIEW program, which 
was used as the controller in the experimental work. The acquisition of the measured data was 
replaced with the theoretical response (including the steady-state and transient parts) of the 
single-degree-of-freedom oscillator on the defined harmonic excitation. The theoretical model 
needs some input data. The initial and resonance frequencies were adopted from the measured 
responses in Fig. 5, 133.16 Hzsf   and 124.30 Hznf  , respectively. The value of the 

damping factor 31.05 10    was determined with the bandwidth method, using the 
following equation: 

2 1

2 n

f f

f


  , (13) 

where the frequencies 1f  and 2f  correspond to the phase angles 5 / 4  and 7 / 4 , 

respectively (the difference 2 1f f  is known as the resonance bandwidth). In addition, the 

static response factor 81.085 10K    was obtained using the Levenberg-Marquardt fitting of 
the measured amplitude-frequency characteristic by Eq. (2) (see the diagrams for the water-
filled tube in Fig. 2). The function generator was assumed to be a zero-order linear system. Its 
constant 1.75 Hz/V was measured as the change in the frequency divided by the change in the 
input voltage. The results in Figs. 5 and 6 show good agreement between the simulations and 
the experiments, not only in terms of the form but also the absolute values of the observed 
parameters. 
 
 Let us look at the results in general. For the smallest value of 0K  the response is 

relatively slow, with a negligible overshoot. A larger 0K  leads to a more rapid response at the 

outset, but the oscillations around the targer state take a longer time. If the constant 0K  is 

increased further the system becomes unstable at some critical value 0,crK , which is 

approximately equal to 1.0 for the system under discussion. One should choose an optimal 
control constant in the stable range, making a compromise on the response with a smaller 
overshoot or a higher initial velocity. 
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 The verified theoretical model could also be used to simulate the control system's 
behaviour under some changed conditions. For example, Figs. 7 and 8 show the simulated 
response of the frequency and the normalized control signal, respectively, for three different 
values of the damping factor of the mechanical oscillator. Although the phase oscillations are 
much larger for lightly damped vibrations, the characteristic of the actually controlled 
parameter, frequency, shows that the damping of the mechanical system has no significant 
effect on the response speed of the control system. 
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Fig. 7.  Simulated variation of the frequency from the initial state to the resonance of the water-filled tube for 

four values of the damping factor ( 0 0.1K  ). 
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Fig. 8.  Simulated variation of the normalized control signal from the initial state to the resonance of the 

water-filled tube for four values of the damping factor ( 0 0.1K  ). 
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5.   Conclusions 
 
 This paper presents a control system for mechanical resonance that is based on the 
principle of the phase-locked loop. The control system was applied to the measuring tube of a 
Coriolis meter using virtual instrumentation, with its control algorithm realized in the 
LabVIEW graphical programming environment. The measured response from an initial 
frequency to the resonance gives a 90 % rise time of about 1 s, with an overshoot smaller than 
1 % of the frequency change ( 0 0.1K  ). The achieved steady-state short-time (in)stability of 

the resonance frequency, which is about ± 3 mHz, is mostly made up of random errors of the 
frequency measurements on the DAQ board. 
 
 Besides the experimental results, the paper also introduces some theoretical simulations 
of the control system, which were also performed in the LabVIEW environment. A 
comparison of the results confirms the regularity of the model. This leads to the possibility 
that we could use the model to simulate the control system's behaviour in some different 
circumstances, e.g., changed parameters of the mechanical system, other sampling 
parameters, a new control algorithm, etc. As an example, the influence of a changed damping 
factor was simulated at the end of the paper. Its variations in the range of four orders of 
magnitude do not show a significant effect on the response gradient. 
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