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ABSTRACT

The goal of the paper is to propose a strategy of automating the control of wide spectrum industrial processes plants in the spirit of
Industry 4.0. The strategy is based on the creation of a virtual simulator of the operation of the plants involved in the process. Through
the digitization of the operational data sheets of the various components, the simulator can provide the reference values of the process
control parameters to be compared with their actual values, to decide the direct inspection and/or the operational intervention on
critical components before a possible failure. As example, a simple fluidic thrust plant has been considered, which a mathematical model
(simulator) for its optimal operating conditions has been formulated for, by using the digitalized real operational data sheets of its
components. The simple thrust system considered consists of a centrifugal pump driven by a three-phase electric motor, an inverter to
regulate the rotation of the motor and a proportional valve that simulates the external load acting on the pump.

As results, the operational data sheets and principal characteristics of the pump have been reproduced by means of the simulator here

developed, showing a very good agreement.
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1. INTRODUCTION

The costs of maintenance are a consistent amount of the total
operating costs in industrial production. Moreover, several extra
costs come from the profit loss due to the undesired failure of
the plant. They can be dropped down with a failure prediction
that preserves the devices through just on-time maintenance.

These two classes of problems can be solved by the
implementation of preventive maintenance in the perspective of
the smart industry, [1]-[3], for which all the elements of a factory
work in a completely, collaborative and integrated way and deal
in real-time with the timely changes of the workflow.

Concerning costs reduction in force of the just on-time failure
detection, the goal of the smart industry is to implement all the
fundamental measurement procedures for continuous real-time
monitoring (real-time condition monitoring) and coordinated
monitoring of all plant elements, [4]-[6].

The keywords of the fourth industrial revolution are,
therefore "preventive maintenance", "intelligent and real-time

orchestration" and "synchronization of physical and digital
processes".

In literature, there are crucial new insights about the
continuous screening of the devices that made possible the
detection of incipient failure, [7]-[9]. Among others, the
prognostic approach is mandatory to obtain an accurate and
coding of incipient machine failures, [10]-[12]. The detection of
the degradation and damage of a plant component is the goal of
the predictive approach. The condition-based maintenance
(CBM) specifications [13], [14] inspired by the prognostic
approach has been applied by the authors to the case of a simple
fluidic thrust system by using a mathematical approach. It
consists of a pump-motor block with inverter and a control
valve, which represents the load acting on the P-M block and
attributable to the network supplied by it.

The approach uses a numerical simulator to manage and
analyse in real-time all the characteristic parameters (sensed or
mathematically predicted) of each system components to get and
to advise concerning likely incipient anomalies of the monitored
components.
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The virtual simulator is based on the digital reconstruction of
the data sheets of all the more sensitive components of the
system to allow the digital prediction of the optimal point of
system working conditions. These data provided by model are
compared with the real-time instantaneous acquisitions of the
correspondent main operating parameters. The eventual
discrepancy between virtual and actual values of the monitored
parameter identifies which of the components of the system may
be in critical conditions, thus dropping down its start and stop
time responsible of the maintenance and service interruption
costs. The proposed procedure, based on the digitization of the
technical data sheets of the plant devices can be easily extended
to most of the systems operating in industrial processes, thus
allowing to control the entire system in real-time and detecting
the dangerous failure scenarios.

2. PLANT SPECIFICATIONS

The system here simulated is a simple fluidic thrust plant and
consists of a centrifugal pump (CALPEDA NM4 25/12A/A,
[15]) driven by an electric asynchronous motor whose rotation
speed is regulated by an inverter, and a control valve simulating
the supplied network. The operational point of such system is
determined by the coupling of the pump with the valve. The
technical and geometric characteristics of each component are
known. Those of the pump are here reported:

n = 1450 rpm rotational speed of reference

P = 025kW absorbed power at 1450 rpm

Q =1+ 6m’h flow rate working range

H, = 6.1 + 33m head range

D, = 131.5mm external diameter of the impeller

B, = 157.5° angle of blade exit

l, = 4mm blade height

z =17 number of blades
{(=1- HZ—;Z =095  blade bulk coefficient

A user interface has been set up to manage the procedure of
analysis and acquisition of data. Specifically, that interface has
been created on LabVIEW platform and is divided into several
sections; each section manages and analyses the different parts
of the plant, Figure 1.

In the control section you find the commands to change the
opening degree of the valve and the inverter frequency.

The target section enforces the rotation number of the engine.
Once the frequency is set by the control panel, it automatically
varies until the system reaches a stable point of operation where
the number of revolutions of the pump coincides with the value
imposed in the target panel.
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Figure 1. User interface in LabVIEW platform.

The transient panel shows the indicators of instant
monitoring of the plant. In particular, the quantities acquired by
the transducers (number of revolutions, mechanical torque, flow
rate, head) and some derived quantities such as instantaneous
absorbed power are represented.

The results panel collects in graphic form (three different
plots) the trends of the pump head (characteristic curve),
efficiency and absorbed power as a function of the flow rate.

3. VIRTUAL SIMULATOR

The mathematical model of the plant consists of:

1. valve model;

2. pump - motor block model.

Most of the geometric and operating data have been inferred
from the technical specifications of the components.

3.1. Valve model

The control valve (here a proportional solenoid valve) allows
the modulation of the circuit external characteristic (valve
characteristic), [16]. That is, by acting on the closing/opening
control devise, the relationship between the pressure drops and
the flow rate flowing through the valve changes, so determining
a new operating point as intersection with the internal
characteristic (pump operating curve).

From Bernoulli's equation the relationship to the basis of the
valve operation comes out as:

H
Q = [Copan h + Cope 1= D] |15 M

4

where:
e 0<h<1 degree of opening of the valve (or shutter
stroke);
® ¢, . =0005m%handc, = 107°m3/h flow rates (or
efflux coefficients) minimum and maximum estimated by
the technical data sheet of the pump;
e H, — static pressure drop through the valve (m);
e H; — 1psi static pressure drop through the valve (m). It
represents the linear operational limit of the valve itself.
From the previous relationship we get:

Hy
[Cvmax h+ C”min(1 - h')]z

If a linear valve is considered, its characteristic coefficient

K, (h) reads as:

Hv:Q2

)

H;,
2 )
[Cvmax h + Cvmin(l - h)]
so, making possible to rewrite the previous relation as:

H, = Q*K,(h) )

The efflux coefficient of the valve is an increasing

K,(h) = ©)

monotonous function of the shutter stroke, ¢, (h), and it can be
expressed in dimensionless form if the following quantities are
considered:
o the relative efflux coefficient: ¢ = €,,/Cmax
e the intrinsic rangeability, ratio between the maximum
and the minimum values of the efflux coefficient:

r= Cvmax /Cvmin
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Figure 2. Valve characteristic curves in terms of the flow rate coefficient, ¢
as function of the opening position, h. The curves show the cases of linear,
parabolic, equal percentage and fast opening design.

Examples of valve characteristics exptessed in terms of h are
shown in Figure 2 for linear, equal percentage, fast-opening and
quadratic valves:

For the linear characteristic, it holds the relation:

o(h) =h +%(1—h) 5)

In the plant operating model (simulator), the characteristic
coefficient of the valve can be rewritten as, from (4):

K,(h) iy Hy 6
L T e ©
this relation for K,(h) keeps holding even for other kind of

valves, if the right formula for ¢ (h) is introduced in it.

3.2. Motor pump block

The "Pump-Motor' block, Figure 3, represents the virtual
simulator of a centrifugal pump and its electric control motor.

This block has 2 inputs and 4 outputs. The 2 inputs are,
respectively:

1. The coefficient of the wvalve, whose operating
characteristic is enclosed in the 'IVale’ model and is
provided by it. Its regulation will result in the variation of
the number of revolutions of the pump, n

2. The magnetic field frequency, parameter recalled by the
control unit, which allows to act in feedback on it, in
order to restore the number of revolutions to a target and
constant value during the process of digital
reconstruction of the characteristic curves of the pump.

The 4 outputs represent the virtual sensors of the P-M block
suitable for the detection of:

1. Q flow rate (m®/h)

2. H, head provided by the pump (m)

3. m  number of engine revolutions (rpm)
4. C,, drive torque, (N m).

They are recalled by the supervisor function (see Figure 1) and
made visible in the transient panel, where the instant monitoring
indicators of the system are reported. In particular, the quantities

e aaad Pump-motor
Ky(h) ——

1]

Figure 3. Inputs and outputs of the pump-motor block.

Table 1. Pump data.

Qinm?*h 1 12 15 18 24 3 36 42 48 54 6

Hinm 6 6.05 6 59 58 55 52 48 44 39 33

acquired by the transducers (for a number of revolutions,
mechanical torque, flow rate, head) and some derived quantities
such as the instantaneous absorbed power are shown.

In the model there are some geometric parameters directly
available from the technical characteristics of the pump; other
necessary parameters are inferred from the characteristic curves
and the power absorbed by the pump, for a fixed pump
revolution.

The internal characteristic of the pump at the revolution
ny = 450 rpm can be expressed in polynomial form as follows:

H, = —0.0893 Q2 + 0.0706 Q + 6.104 7

obtained by best square polynomial regression of the pump,
reported in the Table 1 and shown in Figure 4.
It is possible to generalize this relation and make it valid for
any number of revolutions, as:
H =aQ2+b£Q+c(£)2 ®
“ Ny No
whete a,b and ¢ are the coefficients of the specific previous

relation.

Substituting the expression of the valve characteristic (4) in
(8), in the steady state operating condition of the system, we
obtain:

5 n ny\?2
[a — K,()]Q +b—Q+c<—) = 0. )
No Mo
By expressing then Q as a function of the geometrical and
operating parameters of the pump as:

Q =Kopopnm, (10)
where Ky =1, ¢ 1% I, D2, and substituting it in the equation
that regulates the operation of the plant (9) we get the new
relation:

K;o[a—Kv(h)]¢2+bK¢1d)+K¢2 =0, 1)
where Ky = Kj nfla — K,(h)], Ky, =bKyn,, Ky, =c,
and ¢ the flow parameter.

The equality of the head provided by the pump with the

pressure drop introduced by the control valve is not sufficient to
describe the operation of the experimental system. We need the

8 :
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Figure 4. Pump performance curve at n = 1450 rpm. Comparison between
simulation and actual operational point.
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power conservation law, for which the power supplied by the
motor equals the power absorbed by the pump.

The last one is expressed by:

_ YQH, pQL_pKeppmD?n?

Ny MM Mo 21y 1

in  which ¥ =2(1—¢ cotgf,) — (2msinp,)/z
1, ed N, are the volumetric and mechanical efficiencies to be
discussed in the paragraph of the results, where the methods to
evaluate their values during the actual operation of the plant for
its monitoring will be described. Both could result indices of
possible anomalies.

With reference to the expression of the power supplied by the
motort, Py, the mechanical torque, Cy,, can be expressed.

The mechanical torque €, of the electric motor can be
expressed as a function of the slip, S, according to the following
relation:

Smax * S
fm = Homan (g 59

in which Gy, is the maximum torque available for the slip

(12)

and

(13)

value S = Sy ay, available from the relative data sheet and equal
to C, =50 Nmand s = 0.2.

The slip is representative of the difference between the speed
of rotation of the rotor, i.e., the shaft and the speed of rotation
of the magnetic field, ng,that is:

L 14
s = ,
m (14)
where:
60f
n=———(1-y5) (15)
p
with p = 2, motor polar couples.
The mechanical characteristic of the motor, G, is

represented as function of the revolution of the shaft in Figure 5
for 3 different values of frequency.

This characteristic shows that when the slip is roughly zero
the torque reaches its maximum value, and the motor speed is
close to the synchronism speed ng.

The efficiency 1] of the three-phase asynchronous motor can
be calculated with the well-known formula:
b
P’
where P, is the mechanical power supplied to the rotor and P, is
the electrical power provided by the stator.

n= (16)

CrINM]

10 | 50 Hz )
70Hz - - - \
o L90Hz ,
0 500 1000 1500 2000 2500
n [RPM]

Figure 5. Characteristics of the asynchronous motor in terms of torque as
function of revolution, for different frequency values.

Equating the power absorbed by the pump to the power
supplied by the motor, we obtain:
p Ko ¢ mD*n? _<

Smax " S

L S—) 17
21y M TmAX g ax? T+ 52) w0
and plugging into it the expression of the slip s, we get:
2 K n D22
p%¢¢Mﬁ@)#—pQ¢ﬁ 2P
+pKQ¢¢’T[D22(Smax+1)n2 (18)

p
+8 Cmmax Smax v Im ]_cn

-8 Cmmax Smax N Mm = 0.

The previous equation can be rewritten in the easier-to-read
following way:

Kpon*+ K n®+Kp,n?+Kngn+K,, =0,
with obvious meaning of the symbols.

The former equation represents the main equation of the
plant operating model. Such an equation can be solved iteratively
by the Newton-Raphson method, for example, to provide the
revolution speed of the system for a fixed working condition.
The iterations, in the present case, have been interrupted when
the percentage error on N was less than 1075,

The described set of model equations of the thrust system
components constitute the simulator of its working operation.

(19)

4. RESULTS

The volumetric efficiency of the pump changes according to
the operating regime. It is negligible for null flow rates in the case
of a control valve fully closed. As the flow rate increases, the
volumetric efficiency increases up to the plateau value that is
almost constant for a wide range of the pump flow rate, in steady
state operation. The data sheet values of it are shown in Figure 6
here below.

In the case of high flow rate, the following procedure aims to
calculate the values of the mechanical and the volumetric
efficiencies, 7y, Myeo (asymptotic value), respectively. The
pressure parameter, P, can be computed, in the following two
ways:

2gH,
Y= ———n 20
u%np mily ( )
or
2 T sin
1p=2(1+q5cotg,82)——ﬁ2. 21

Equating the above equations and rewriting the flow
parameter as a function of the flow rate, ¢ = ¢(Q), we get:

0.8 -
e //"‘—.'_"
S 04
0.2
0 data sheet —+—
0 0.0005 0.001 0.0015 0.002 0.0025
Q[m3/s]

Figure 6. Pump volumetric efficiency experimental data.
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Figure 7. experimental values for the left-hand side term in (22) as a function
of the flow rate.

2gH,  2cotgp, 1

= Q
u% np U f 1-[2 lZ D22 n MmNy (22>
2 msin B,
r——(1- ).
Nm My z

From the experimental data of the pump CALPEDA NM4
25/12A/A, it is obsetrved that for flow rates greater than a
threshold value (0.001 m3/s), the term 2 g Hu/(u% Up) is a

linear function of @, Figure 7.

In the linearity range, the coefficients of the previous equation
can be calculated by best fitting the pump data sheet discrete
values, Figure 8, and therefore it is possible to estimate the

unknown values of the mechanical efficiency 71, and the
volumetric efficiency 1),,.

Specifically, the mechanical efficiency is equal to 7, = 0.955
and it is assumed constant for the whole operating regime,
whereas the volumetric efficiency obtained from this procedure
represents the asymptotic limit only in the range of high flow
rates and it is equal to 9y = 0.719.

Known the value of the mechanical efficiency, from the (22),
7, can be made explicit as function of the flow rate only, such as
My = 1y(Q).

The relationship 1, = 1,(Q) is well described by the
following relation:

_Q
nv=nm(1—e T), (23)
3
best-fit
data sheet 4
N‘; 2
[=% - -
E -
‘-.= ik
T
o
o 1 - 4
0 0.0005 0.001 0.0015 0.002 0.0025
Q [rna /s8]

Figure 8. Linear regression of experimental data for the left-hand side term
of (22) as function of the flow rate.
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Figure 9. Least square regression of 17, experimental data.

where the value of T =3.83-107*m3/s is obtained from the
best-fit polynomial of the available data operation data of the
pump with 7,6, = 0.719. The following figure shows the good
agreement between the theoretical prediction and pump data
over the whole range of the flow rates.

The simulator function uses this model of the volumetric
efficiency and the prediction of the mechanical efficiency. It
provides a good agreement of the control parameters with the
characteristic data of the pump, in terms of absotbed power Py,
efficiency 7, and pressure head H,,.

Through the simulator, described in the previous section, it is
possible to digitally reconstruct the pump characteristic cutves,
Figure 10, Figure 11 and Figure 12.

By using the digitalized technical and operating data of the
system components and setting a value of the frequency of the
inverter regulating the number of revolutions of the pump-motor
block, this one can be iteratively determined from (19), and then
the outputs of the pump-motor ate calculated from its model, i.e.
the flow rate, the head, the torque Cy,, and the efficiency of the
pump 17),, which constitute the virtual values with which to
compare the physical ones acquired (and calculated, such as
mechanical and volumetric efficiencies) by the sensors prepared
for that purpose in the system.

So, the entire performance curves of the pump can be
reconstructed and digitalized just varying the opening degree of
the valve for each of the desired discrete values of the frequency
(revolution speed of the pump), and by reiterating the use of the
simulator equations as reported in the sections.

D_E - -
e
05 | / ™~
'
04
2 03}
0.2
01}
simulation
0 data sheet
0 2 4 6 8
Q[m®/h)

Figure 10.Expected pump efficiency from the simulator compared with actual
operational points.
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Figure 11. Expected pump manometric head from the simulator compared
with actual operational points.
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Figure 12. Expected pump absorbed power from the simulator compared
with actual operational points.

The Figure 13 shows the pump performance curves evaluated
by the simulator for 3 revolution speed values, as example of its
application.

The operating parameter values predicted by the models,
including the mechanical and volumetric efficiency, are the
reference targets for eventual anomalies detection when
compared with the relative acquired values. The eventual
significative discrepancy between the predicted and sensed

Hy [m]
@

4 4
2250
\ 750 4
1250
O AL A L A A
0 2 4 6 8 10 12 14
Q [m>h)
057 056 0.5 04

Figure 13. Expected pump performance curves from the simulator for three
revolution speed (red lines) and four 7, iso-lines.

values of each characteristic quantity can indicate an incipient
criticality for the component whom it refers to.

In these conditions it is possible to report and provide for the
irregularity of the operation with an active control on the system.
In addition, it is even possible to understand the origin of the
disagreement between the real and expected values of mechanical
or volumetric efficiency. For example, with reference to their
possible discrepancy it is possible to suspect a critical condition
of the bearings or seals of the pump-motor block.

5. DISCUSSION AND CONCLUSION

The intent of the authors was to propose a strategy for the
automation of the monitoring of wide-ranging industrial
processes, in the spirit of the "Smart Industry", in order to reduce
the risks of sudden default of the activities caused by the possible
criticality of the most delicate components, to reduce the time to
identify the criticality, to reduce the maintenance time necessary
to restore normal operating conditions, thus reducing the
associated costs. The strategy is based on the creation of a virtual
simulator of the operation of the various plants involved in the
process which, through the digitization of the data sheets of the
various components, can provide the reference values of the
process control parameters. Those values are so compared with
the values acquited by the measuring chains predisposed for the
purpose, to allow the operator the reporting of any suspected
anomaly in place and to quickly intervene to restore optimal
operating conditions through targeted maintenance. To this end
and by way of an example, we have proposed the formulation of
a simulator of a simple fluidic thrust system, consisting of a
pump-motor block with inverter and a regulation valve, which
represents the load acting on the PM block and attributable to
the network it supplies. The simulator allows to manage and
analyze in real time all the characteristic parameters, acquired
and/ ot calculated, of each of the monitored system components,
during normal operation, to determine if there are conditions of
possible incipient anomalies on the components under
observation. This operation allows to compare, through real-
time acquisitions, the instantaneous values of the characteristic
operating parameters with those provided by the simulator,
corresponding to those that should be in the optimal operating
conditions of the system. So, it is possible to identify which
characteristic parameter of the various monitored components
of the system reveals a more discrepant value from the optimal
one, thus denouncing a possible critical condition of the
component to which it refers to. In this way, the operator can
decide to intervene on the component in time, thus minimizing
the intervention times and therefore the maintenance and
restoration costs of the normal operation of the system. Is
opinion of the authors that the identified procedure, based on
the digitization of the technical data sheets of the plant
components, is extendable to most of the operating plants of an
industrial process, thus allowing the entire process to be
controlled in real time.
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