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ABSTRACT

The paper describes estimation errors of unsteady
flowrate measurements due to parameter changes in a
quasi-remote instanlaneous flowrate measurement method
{ abbreviate as QIFM) and an instantaneous flowrate
measurement method using two points pressure measure-
ments ( abbreviate as TPFMj). By introducing error per-
formance index, the influence of parameter changes on
the accuracy and dynamic response of the estimated un-
steady flowrate are evaluated. Of four parameters, the
variation of the length of the pipeline and speed of sound
produce large errors in the estimated unsteady flowrate
during transient periods. The effect of kinematic viscos-
ity of the working fluid(oil} is relatively insensitive in un-
steady flowrate estimation.

NOMENCLATURE

a =inner radius of the pipeline, ¢ =speed of sound,
Jo(x),J1(z) =Bessel functions of the first kind, L =the
length of the pipeline, N =number of convolution terms,
p =pressure, ¢ =flowrate, §(t) = estimated flowrate
Ag(t) = estimation error in the unsteady flowrate, s =
Laplace operator, 1 =time, AT =sampling time inter-
val, Zo(s) =characteristic impedance of the pipeline, T'(s)
=propagation operator, p =density, » =kinematic viscos-
ity

subscripts

u =upstream section of the pipeline, d =downstream sec-
tion of the pipeline

1. INTRODUCTION

Recently we have been proposed three approaches, that
is, a remote and quasi-remote instantancous flowrate mea-
surement methods and two points pressure measurement
method for estimating unsteady flowrate accurately pass-
ing through an arbitrary cross section of the pipeline in
hydraulic control systems{1,2,3].

In these approaches, an unsteady flowrate can be re-
motely estimated by using the distributed parameter
models of a hydraulic pipeline with considering unsteady

velocity distribution over a cross section of the pipeline.
Using these approaches, it is possible to measure unsteady
flowrate difficult to install an instantaneous flowmeter
at the desired location to obtain flowrate information.
Under unsteady laminar oil flow conditions, the excel-
lent agreement of the estimated and measured unsteady
flowrate waveforms by a cylindrical choke type instanta-
neous flowmeter( abbreviate as CCFM)[4] is obtained.

Because these approaches make use of the distributed
parameter models with considering frequency dependent
viscous friction, the spatial resolution along the axial di-
rection of the pipeline has an outstanding ability. The ac-
curacy and dynamic response of the estimated unsteady
flowrate depend on the values of parameters represent-
ing the hydraulic pipeline dynamics such as the length of
the pipeline, kinematic viscosity, radius, speed of sound
within oil filled the pipeline, therefore, it is possible to
bring about estimation errors of unsteady flowrate due to
parameter changes accompanied by varying an operating
conditions or environmental changes. In order to scheme
a high - accuracy, fast - response and improvements of
functions in these approaches, it is necessary to investi-
gate the effect of estimation errors due to the variation
of geometric configuration of the pipeline and physical
properties of the working fluid.

The paper describes estimation errors of unsteady
flowrate due to parameter changes in a quasi-remote in-
stantaneous flowrate measurement method (QIFM) and
an instantaneous flowrate measurement method using
two points pressure measurements(TPFM). By introduc-
ing error performance index, the influence of parameter
changes on the accuracy and dynamic response in the es-
tiimated unsteady flowrate are evaluated.

2. EXPERIMENT

Fig.1 shows a schematic of overall experimental ap-
paratus used in the experiment. In Fig.l, the exper-
imental apparatus consists of a hydraulic pipeline sys-
tems, which is contained a straight long copper pipeline
installed CCFM at the end of the pipeline, data acquisi-
tion and numerical operating systems.
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In the experiment, upstream pressure p,(¢) and down-
stream pressure py(t) are directly measured by semi-
conductor type pressure transducers ( the natural fre-
quency is about 100kHz). In order to compare with the es-
timated unsteady flowrate, an unsteady flowrate through
upstream and downstream section of the pipeline are mea-
sured by CCFM1 and CCFM2.

For a QIFM, CCFM1 is ntilized to compare the esti-
mated unsteady flowrate with the measured one ¢,(t) in
case of the upstream flowrate estimation. The upstream
pressure p,(t) as input data is measured by a pressure
transducer installed the dewnstream portion of differen-
tial amplifier, and flowrate information at the remote lo-
cation of the unsteady flowrate estimating point, that is,
downstream flowrate g4(¢) is obtained by CCFM2.

The upstream portion of the pipeline is connected a
constant pressure source and an electro-hydraulic servo
valve is set at downstream manifold to generate a change
of flowrate in hydraulic pipeline systems. Oil temperature
is measured by a thermistor type thermometer.
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Fig.1 Schematic of experimental apparatus

3. AN INVESTIGATION OF ESTIMATION
ERRORS DUE TO PARAMETER CHANGES

3.1 THE PRINCIPLE OF UNSTEADY
FLOWRATE MEASUREMENT

3.1.1 The Quasi-Remote Instantaneous Flowrate
Measurement Method (QIFM)

For a hydraulic pipeline system as shown in Fig.1,
the dynamic characteristics of pressures and flowrates
between upstream and downstream section along the
pipeline are described in the forms of transfer matrix (four
terminal networks representations)[5].

Zols

( P,(s) ) _ [cosh I'(s) Zo(s) +sinh I'(s) }( Py(s)
Q.(s) |~ ——1(-; -sinh T'(s) cosh I'(s) Qa(s)
(1

where P(s) and Q(s) denote Laplace transforms of the
pressure and flowrate derivation, and subscripts v and d
refer to upstream and downstream section of the pipeline,
respectively.

With consideration of frequency dependent viscous
friction, propagation operator I'(s) and characteristic
impedance of the pipeline Zg(s) is given as follows.

S =3 {1— 250v5) o
o) = s {1 = o= vy @

Zo(s) = Zoc - {1 - 201(5v/50) yue

V3, Jo(7/5.)
where 3, =s-L/c, 5, = s-a*/v and Zo. = ma?/pc.
The principle of a QIFM describes briefly{2]. In a
QIFM, for example, upstream flowrate g,(¢) is estimated
by measured upstream pressure p, (¢) and measured down-
stream flowrate g4(t) and by use of the dynamic character-
istics of pressures and flowrates represented by equation
(1). By using this method, an instantaneous flowrate is
estimated in real time without inserting a flowmeter at
the desired location, but pressure information is needed
at that point.

(3)

Based on the transfer matrix equation (1), upstream
flowrate is given as follows.

Qu(s) = Gy(s) - Puls) + Gyls) - Qals) (4)
where

Go(s) = tanh{)(s) - L}/ Zo(s) (5)
Gyls) = i/ cosh{A(s) - L} (6)

In equation (5),(6), G,(s) represents transfer function re-
lating upstream flowrate Q,(s) to upstream pressure in-
put P,(s), G,(s) is transfer function relating upstream
flowrate Q,(s) to downstream flowrate input Q4(s), which
are derived from the transfer matrix equation (1). By tak-
ing inverse Laplace transform of equation(4), upstream
flowrate ¢ (¢) in the time domain is determined by the
following convolution integrals.

g it) = ‘/Ot gplt — 7Y - pu(7)dr + /Ol gq{t — 7Y qa(T)dr (7)

gp(t) =0 for t<0
geit) =0 for t<0

where go(t) and gg(t) are the weighting functions in the
time domain of transfer functions G,(s) and G(s).

By discretizing the convolution integrals with respect
to time, equation (7) then can be written as difference
equation as follows.

N-t
3.(nAT)Y = Y g,(nAT —iAT) - puiAT) - AT

=0

N-1
+ Y g (nAT —iAT) - qu(iAT) - AT (8)
=0
where AT is sampling time interval, N is the number of
convolution terms.

3.1.2 AN INSTANTANEOUS FLOWRATE
MEASUREMENT METHOD USING TWO
POINTS PRESSURE MEASUREMENTS
(TPFM)
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In the present situations, it is difficult to procure an
instantaneous flowmeter with high - accuracy and fast -
response. By utilizing this method, there is no necessity
for installing an instantaneous flowmeter at the desired
location to obtain flowrate information.

The principle for estimating unsteady flowrate is similar
to a QIFM . From equation (1), an unsteady flowrate
passing through at the upstream or downstream section of
the pipeline in Fig.1, can be estimated in real time from
measurements of the upstream and downstream pressure
pu(t), pa(t). In case of an unsteady flowrate estimation
at the upstream section in Fig.1, the transfer function
relating upstream flowrate Q,(s) to upstream pressure
input P,(s) is G,(s) = 1/[Zo(s) - tanh I'(s)], the transfer
function relating upstream flowrate @,(s) to downstream
pressure input Py(s) is G4(s) = 1/[Zp-sinh I'(s)] and these
transfer functions are derived from equation (1).

An unsteady flowrate in the time domain is deter-
mined by convolution integrals between the weighting
functions g,(t), ga(t) and the measured values of the up-
stream and downstream pressure p,(t), pa(t), respectively.
The weighting functions g,(t), ga(t) corresponding to the
transfer functions G,(s), Ga(s) are obtained by the ap-
plication of inverse fast Fourier transform.

3.2 A REMARK ON THE ESTIMATION
ERRORS OF UNSTEADY FLOWRATE

Since QIFM and TPFM make use of the hydraulic
pipeline dynamics between two cross sections along the
pipeline, it is possible to cause errors of unsteady flowrate
measurements due to changes of parameters according
as an operating conditions are varied or environmental
variations. The parameters of interest are the length of
the pipeline L, kinematic viscosity of the working fluid v,
speed of sound within the working fluid ¢ and radius of the
pipeline a. If the values of parameters =g at a given oper-
ating conditions are changed by an amount 2o + Az, the
frequency characteristics of transfer functions will change
by an amount of G(s)+ AG(s). If the weighting functions
corresponding to variations of the frequency characteris-
tics AG(s), estimation errors in the estimated unsteady
flowrate due to parameter changes can be quantitatively
investigated by using equation (4), respectively.

(1) QUASI-REMOTE INSTANTANEQOUS
FLOWRATE MEASUREMENT METHOD
(QIFM)

The variation of the frequency characteristics for the
change of speed of sound g, by 10 percentage of its mean
value of 1.35x10%m/s is shown in Fig.2.

Fig.3 shows an example of the weighting function
Agg.(t) corresponding to variation of the frequency char-
acteristics AGg(jw) in Fig.2. In this study, the weight-
ing functions are obtained by the application of inverse
fast Fourier transform. This method is relatively sim-
ple and the validity of the the weighting functions ob-
tained here are confirmed in the previous author’s re-
search works(2,3].
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Fig.3 The weighting function for the change of
speed of sound Ag,(t)

In experiment, the reference values of parameters at an
operating point are as follows; the length of the pipeline
Ly=170 cm, radius of the pipeline a¢=0.7 cm, speed of
sound ¢;=1.35x10% cm/s, kinematic viscosity of the oil
vo=0.4 cm? /s, mean pressure is 3.8MPa, mean flowrate is
36 cm®/s and oil temperature is maintained 35 °C.

Fig.4 shows comparison of estimation errors in the es-
timated unsteady flowrate due to parameter changes 10 %
with respect to reference values for applying square wave
input 10 Hz.

The top and 2nd waveforms indicate the measured up-
stream pressure p,,(f) and downstream flowrate g4, (¢),
which are corresponded to input data for estimating un-
steady flowrate. The 3rd is a directly measured upstream
flowrate waveforms ¢,.(t) by a CCFM1 in order to com-
pare with estimation errors . The estimation errors due to
variation of values of parameter L, ¢, a, v, by an amount
equal to 10 % of the reference values are shown in 4th to
7th in Fig.4.

The error performance index is here introduced to in-
vestigate the effect of parameter changes on the accuracy
and dynamic response in the estimated unsteady flowrate.
The estimation errors presented here provide some infor-
mations about how the estimation errors varied with time,
and it is important to point out the variation of the esti-
mation errors with time.
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Fig.4 Comparison of estimation errors due to pa-
rameter changes 10 %

Various error performance indexes have been proposed
in the literature. In this study, the error error perfor-
mance index ISE(t) propose:

ISE(t) = %/O' Aqu(t)2dt 9)

This criterion has a characteristics that in the step re-
sponse a large initial errors during transient periods is
weighted heavily and small errors lightly.

Fig.5 shows the result of the error performance index
ISE(t) as function of the time 0 <t < T,/2(T;, is period
of the square wave).

Fig.6 shows error performance index due to parameter
changes during one period of a square wave input. It is
known that parameter changes have an important effect
on transient periods rather than steady state in the esti-
mated error waveforms, In comparing estimation errors
and the values of ISE(t), estimation errors are affected i
proper sequence of changes of speed of sound, the length
of the pipeline, radius of the pipeline, kinematic viscosity
of the oil. In equation (2), (3), 8. is normalized Laplace
operator defined by s - L/c or §, is a normalized Laplace
operator defined by s - a®/v in the propagation operator
I'(s) and characteristic impedance Zy(s). Therefore, it is
expected that L and ¢, o and v are approximately same
effect in the estimation errors. Because the propagation
operator ['(s) is equal to 5.(= s-L/c) with exception of the
Bessel function terms relating frequency dependent vis-
cous friction in equation (2), estimation errors are largely

1715

20 T ql T
uvL—“—‘: —
: i
0 ! ! t
1
8.0 —j—%v n7z 1
o/ 2 T
\change of ~
Sonic velomty T

&~
[

"~ kinematic 27 T
viscosity [50%] i

25

Time t [ms)

_kinematic viscosity
50

Error performance error ISE(t)

(=]

Fig.5 Error performance index ISE(t) versus time

5.0
M I I I | I
A o
5 change of
= — D: pipe length -
@ O: sonic velocity
8 ®: radius o
g O: kinematic
£ 2.5 viscosity .
ol
gg E]
:‘\ B o a *-
o o .
oLg & 8 o4 4 b
0 2 4 6 8 10

Parameter changes|[%]

Fig.6 Error performance index for parameter
changes

affected by the changes of L and ¢. Moreover, speed of
sound c is included the first term Zo.(= p-¢/ma?) in char-
acteristic impedance of the pipeline in equation (3), it is
deduced that speed of sound is largely affected estimation
errors rather than the length of the pipeline L. The radius
of the pipeline a affected larger than kinematic viscosity
of the oil.

(2) AN INSTANTANEOUS FLOWRATE
MEASUREMENT METHOD USING TWO
POINTS PRESSURE MEASUREMENTS
(TPFM)

In this approach, estimation errors are investigated in
similar manner of a QIFM.

Fig.7 shows variation of the frequency characteristics
of varying the length of the pipeline L, by 10 percent-
age of its reference value of 170 cm. By using inverse
fast Fourier transform, the weighting function Ag,r(?)
referred to variation of the frequency characteristics of
transfer function AG,(jw) is shown in Fig. 8.

Fig.9 shows estimation error waveforms of varying pa-
rameters, by 10 percentage of those reference values. In
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Fig.8 The weighting function Ag,;(t) for variation
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this case, the operating condition and reference values
of parameters are similar to the case of Fig.4. The top
and 2nd are upstream and downstream pressure wave-
forms pu.(t), pa.(t) which are input data for estimating
upstream unsteady flowrate. The 3rd is upstream flowrate
waveform ¢,,(¢) measured by a CCFM1. The estimation
errors due to parameter changes are plotted the 4th to
7th in Fig.9.

Fig.10 shows curves of error performance index ISE(t)
of estimation errors as function of the time 0 <t < T,,/2
as shown in Fig.9. Also, Fig.11 shows ISE(t) during one
period of a square wave input 10 Hz indicated in Fig.9.
[t can be seen that in this approach the variation of the
length of the pipeline L and speed of sound ¢ have largely
influence on estimation errors. In comparing estimation
errors in a QIFM with a TPFM, it is clear that radius
of the pipeline a, kinematic viscosity of the oil v and the
length of the pipeline L are affected the steady state as
well as transient state in the estimated error waveforms.
As time elapse, radius of the pipeline is largely affected
the estimation errors.

In these approach, the variation of kinematic viscosity
rather than other parameters is relatively insensitive. For
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many hydraulic working fluids, the values of kinematic
viscosity are considerably affected by changes of temper-
ature. For example, the kinematic viscosity is changed
about 50 % due to changes of temperature at 10 °C. For
this reason, the effect of variation of kinematic viscos-
ity investigate in detail. Fig.12 shows comparison of the
error performance index for changes of kinematic viscos-
ity. In Fig.12, the variation of kinematic viscosity for a
TPFM produce a large estimation errors than a QIFM.
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4. CONCLUSION

The paper describes the estimation errors of unsteady
flowrate measurement due to variation of parameters such
as the length of the pipeline, kinematic viscosity of the
oil, radius, speed of sound in a QIFM and a TPFM. By
introducing error performance index, the influence of pa-
rameter changes on the accuracy and dynamic response
in the estimated unsteady flowrate are evaluated. The
variation of the length of the pipeline and speed of sound
have largely influence on the estimated unsteady flowrate
during transient periods. The changes of kinematic vis-
cosity is relatively insensitive in the estimated unsteady
flowrate.
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