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Abstract—A model based approach for fault detection and The algorithm is derived by first identifying four subsys-
isolation in a centrifugal pump is proposed in this paper. tem using structural analysis [3], [6]. From the structural
The fault detection algorithm is derived using a combination | of the system it is seen that all of these subsystems
of structural analysis, Analytical Redundant Relations (ARR) . . . : .
and observer designs. Structural considerations on the system includes different subsets of the faults COI_‘]SIde!’ed in this
are used to indentify four subsystems each sensitive to a subset WOrk. Therefore they can be used for fault isolation. Three
of the faults under consideration. Either an ARR or aresidual  of these sets contain differential constraints [3] meaning
observer is designed for each of the four subsystems. The that derivatives of the output are necessary if an Analytical
four obtained residuals are then used for fault isolation. The  pagyndancy Relation (ARR) is derived. To overcome this
applicability of the algorithm is illustrated by applying it to . . -
an industrial benchmark. The benchmark tests have shown problem rESIduQI observers are d_eS|gned in these three
that the algorithm is capable of detection and isolation of five Cases. An overview of the contribution to observer design
different faults in the mechanical and hydraulic parts of the for residual generation can be found in [5]. In the single
pump. case where the subsystem does not contain differential

constraints an ARR is used for residual generation.
I. INTRODUCTION As a model-based approach is used in this work, this
paper starts by presenting the model of a submersible pump

Centrifugal pumps are used in a variety of differenigpplication in section Ill. The fault detection algorithm is
applications. This could for example be in a water supplgonsidered in section IV. This includes identifying sub-
application where submersible pumps are used in watgystems using structural analysis, designing the residual
wells to lift water to the surface. Some of these installationgpservers, and the ARR. Section V presents test results
are crucial for a larger system to work. Failures can lead tgbtained on an industrial benchmark, which has been par-

substantial economic losses and can affect the life comfajtularly developed for this purpose. Finally concluding
of many people when they occur. Therefore detection gemarks end the paper.

faults, if possible in an early stage, and isolation of their

causes are of great interest. Especially fault detection, which Il. NOMENCLATURE

can be used for predictive maintenance, could save moneyThe parameters in the model presented in section Ill are
and increase reliability of the application in which the pumplecribed in the following.

S pllaced. . J  Moment of inertia of the rotor and the impeller.
Different approaches have been used for fault detection B Linear friction.

in centrifugal pumps. In [7], [8] current spectrum signatures K; Derived moment of inertia of the water in the
are used for detection of different faults like blockage, s

o ) ystem.
cavitation, and damaged impeller. I_n [9], [4] moglel based K, Pressure losses inside the pipeline.
approaches are used. In [9] the nonlinear system is modelled Pressure losses inside the valve.

by a set of fuzzy functions and in [4] a linearized version , °  paameters in the oressure model of the pump
of the system model is used. Both of these consider both ’ ie{1,2,3). '
deteqtlon and isolation of faults in systems containing ai; Parameters in the torque model of the purig,
centrifugal pumps. (1,2,3).

In this_ work a model-based approach is_ l_Jsed for resi_dual g Gr7av,ity constant.
generation. The presented approach utilizes a nonlinear The density of the liquid in the system.

model of the submersible application. This makes the

obtained algorithm independent of the operating point in IIl. THE SUBMERSIBLE PUMP APPLICATION
which the pump is running. The algorithm utilizes torque, This section presents the mathematical model of a sub-
speed, pressure and flow signals to generate the residuateersible pump application including faults and distur-



bances. The submersible pump application is depicted iFhis pressure is derived from the depth of the well denoted
figure 1. by z,ut — zin, the inlet and outlet pressure of the pipeline
system, and the flow dependent pressure loss in the pipe and

v, valve. All of these are assumed unknown in the following,
o \P_T‘ meaning that the pressupe must be assumed unknown in
the development of the detection algorithm.
T The model presented in (1) is only valid for positive speed
and positive flow, since the valve model and the relations

¢y and ¢5 are only valid for positive flow and speed i.e.
Wy, Q S R+.

z out

. B. Model Including Disturbances and Faults

iz Five faults are considered in this work, these are,
1) clogging inside the pump,

2) increased friction due to either rub impact or bearing
Fig. 1. A sketch of a submersible pump application including a well, a faults
pipe, a valve, and a centrifugal pump. '

lt— T

Pin

3) increased leakage flow,
4) performance degradation due to cavitation,

This figure illustrates a pump placed at the bottom of a 5) dry running.

well pumping water to the surface. The variables assum ) .
known in the system are the shaft torque, the shaft spee € ﬂr_st thr_eg faglts are.mt.e mal faults caused by respec-
the pressure produced by the pump, and the volume flo e!y |_mpur|t|es in the liquid and. wear. The 4th fauIF,
through the pump. In figure 1 the pressure is label&d cavitation, is caused by too low inlet pressure, meaning
and the volume flow is labele@. Moreover the water in that the fault is external. However, in this work it is treated
the well is lifted from levelz;, to z,,; and the volume flow as an internal fault. Finally, the I_ast fault, dry “?””‘”9* Is
@ can be controlled by a valv®; at the top of the well. a phen_o_menon caused by fault_s in the surrounding system,
The inlet and outlet pressure of the pipe system are IabelQ&nce it is an external fault and is treated as so. Even though

: ts not a fault in the pump, this fault is important to detect
respectivelyp;,, andp,,:. ! . A ! .

P w Pout as sealing rings and bearings will be destroyed when the
A. Model Without Faults pump is running without water for only a few seconds.

. - . The mentioned faults all affect the hydraulic part of the
The equations de_‘sfcnblng th? submersible pump SySte{%mp. The performance of the hydraulic part of the pump
:Jer:gg(r):s(’) fault conditions are given by the following set ot i, this model described by relatian, ¢; andes in (1).

These relations respectively describe the pressure and the
torque produced by the pump and the flow measurement.

¢1: J% =T — Buw, - T,

Co : KJ%L? — H,—p, : Introducing the faults, these relations become,

es: Hp=—anQ" + anQur + anowy; cs: Hy = fu(Q,wr) — K;Q* — Cenfe — Canfa

car Tp=-apQ’ +anQuy +aww; (1) ca: Ty = fr(Qwy) + ABw, = Corfe — Carfa

Cs: v = H, Cr: y3=Q—Kl\/Hp

Cg - Yo = Wy i

7 ys = Q where f (Q,w,) and fr(Q,w,) are given by,
Relationc; and ¢, respectively describe the dynamics of fr(Q wr) = —an2Q* + an1 Quy + anow; 2

; . : _ 2 2 (2)

the mechanical and the hydraulic system. In thesés the fr(Q,wr) = —a12Q” + an Qur + arowy

shaft speed of the pump aif@lis the volume flow through |n this fault modelK; € R, represents cloggingAB €

the pump. The relation; models the pressure delivered byR+ represents rub impacKl € R, represents increased
the pumpH,, and the relatiors; models the load torque on |eakage flow,f, € R, represents cavitation angl, €

the shaft generated by the purifp. Finally the relations R represents dry runnning. The first three signals model
c5 10 ¢; model the sensor system of the application. Herghe faults accurately, while the last two terms are linear
y1 is the differential pressure measuremeptjs the speed approximations.

measurement angs is the flow measurement. Beside the

measurements the input torqilig of the system is assumed IV. FAULT DETECTION AND ISOLATION

known. In this section the model presented in the previous
In the model presented in (1) the presspras the load section is used to develop a fault detection and isolation
pressure of the well and is given by, algorithm. To do so structural analysis is used to identify

) over-determined subsystems containing information about
D1 = (Pout — Pin + p9(zout — zin)) — (Kuv + Kp)Q different subsets of the faults. When the subsystems are



identified the residuals are obtained using respectively arherefore an ARR obtained from this matching does not
ARR and three simple observers. The simplicity of thesenclude derivatives. The ARR is given by,
observers is due to the utilization of structural analysis to 9 9
obtain simple submodels for use in the observer design. T2 = —an2Y3 + ap1Y1ys + anoyi — Y2 )
It is also possible to obtain ARR’s from the sefs,
A. Structure Analysis F5 and F4, but as differential constraint is used in each
The system is described by the relations shown in (1Pf these matchings it is necessary to use derivatives of the
These relations can be represented by the graph shownOHtPUt in these cases. To avoid this, three residual observers
table 1, where the constraints,- - - ,c; are given by (1) &ré developed in the following.
and the constraintd, andd, are differential constraints, as 1€ three matchings,, 73 and 7, are all on a form
defined in [3], meaning tha¢: = & in this context. given by definition 1,
Using the definitions and procedures described in [6] and
[3] four over-determined subsystems are identified. Thedgefinition 1 A system on the form,

are, =azx+ f(x,z,u) +e1(z,2) [
F1={c1,cq,d1,c5,07} " i Zlg’ 3 1222? 2;2 ©
Fo ={c3,¢5,¢6,c7} Y2 = fald, SR
Fs ={c1,c3,¢4,d1,05,¢6} is said to be on over-measured form. In )y, y2, u, z €
Fy ={c1,c3,¢4,d1,c6,C7} R' and e; e, and es are nonlinear functions of and z.

From these four over-determined subsystems, or matcmn%ssumption 1 It is assumed that in the case where no

it is seen. that thg constra?ntQ is npt used in a.ny .of sensor faults have occurred, i.¢, = f; = 0, the output
the matchings. This constraint describes the application Mapsh, and s, in definition 1 can by solved for and =

which the pump is placed. When this constraint is not used a1y The solutions are given by the following expressions,
in a matching it means that the matching is independent of

the application model. Therefore the four above matchings z = g1(y1,92) (6)
can be used for fault detection and isolation in centrifugal z = g2(y1,y2)
pumps placed in any possible application. The implicit function theorem [1] can for example be used

Looking at the column to the right in table | the faultsiy show that a solution exist locally. Using the above as-
affecting each of the over-determined subsystefascan  symption the following lemma describes a residual observer
be identified. The connection between the faults and thgy the system defined in definition 1.

over-determined subsystems is shown below,

. Lemma 1 Under assumption 1 the following observer is a
Fl'{KlvAB7fcvfd} . . ...
Fo it {Kp, K, for fa) residual observer for systems described by definition 1,

F3 :{Ky,AB, fe, fa} ) &= ai + f(g1(y1,92), 92(y1, y2),w) + k(g1 (y1, y2) — 2)
]:4:{KfaKl7ABafcvfd} r:(I(gl(ylay2)7‘%)

This connection is a necessary, but not sufficient, condition (7)
for a givenF; to be sensitive to a given fault. These con-The residual observer is asymptotical stablexif- £ < 0.
nections show that the faulfs and f; are indistinguishable The fault input to this observer is given by,
from a structural point of view, meaning that isolation of _
these faults is impossible for almost all set of parameters fr={f@,2) = f(z = 0wy, 2 = 02¢))
in (1). +e1(z,2) f1 — kdxy

From the connection between faults and relations preygnere f; is a derived fault signal, which is strongly

sented in (3) it is seen that no additional information igjetectable. In the expression pf the signalssz; and dz;
added usingF,. Therefore the set, are given by,

{‘Fla -7:27 f3} 5xf = gl(yl - 62($72)f27y2 - 63(x72)f3) - 91(y17y2)

contains the obtainable information about the faults in the 0% = 921 — €2(x, 2).f2, 42 — e3(w, 2) f3) — g2 (1, 2)
system. The last relatiaft, could be used for validation in The proof of the lemma is given in appendix I.
a robust fault detection scheme.
) Remark 1 The derived faulff; is strongly detectable using
B. The Residual Generators this observer. This is not the case for the faults f» and
Looking at the relations forming the matchig, it is  f3. as the nonlinear expression ¢f can equal zero even
seen that no differential constraints are included in thighough one of the faultg;, f or f; is different from zero.



TABLE |
THE STRUCTURAL MODEL OF THE CENTRIFUGAL PUMPx DENOTES UNFDIRECTIONAL RELATIONS AND 1 DENOTES BFDIRECTIONAL RELATIONS.
UNI-DIRECTIONAL MEANS THAT THE GIVEN VARIABLE IS NOT CALCULABLE FROM THE RELATION, SEE DEFINITIONS IN[6].

Known Unknown Fault signals

Y1 Y2 ys Te | m Q wr Tp wr Hy Q Kf K AB  fe fa
c2 1 1 1 1
do 1 X
dq 1 X
c1 1 1 1 1
c4 1 1 1 1 1 1
c3 1 1 1 1 1 1
cs 1 1
c6 1 1
c7 1 1 1

Remark 2 The observer described by lemma 1 is designedherek; is designed according to lemma 1 apds chosen
under the assumption that a perfect model exists, and thatich that the residuals have a reasonable value in the case
the measurements are not affected by noise. This is of causfefaults. The functionfr is given in (2) and the functions

not fulfilled in a real life applications. To overcome this theg; and g, are derived from the output maps in (9), and are
gain k of the observer is chosen such that errors due tgiven by,
small model mismatchs and noise will be suppressed.

any1 + /a2, y? — dan2(y2 — anoy?)

The matchingsF,, F5; and F, are all on the form 93(y1,y2) = 2ans
defined in definition 1 and fulfill assumption 1. Therefore a 2 .2 2
- - — + v/a + 4a + ap2y
lemma 1 can be utilized for observer design for these three g4(y2,y3) = s hlysa roly2 255)
hO

matchings. The dynamics of the matchings are in all three

cases govern by the following differential equation, These expressions are valid for,ys € R, when using
the parameters of the pump used in the test described in

the following section. Therefore the expressions are valid
in the state space,, @ € R4, which is exactly the state
o?pace in which the model is valid, see section IlI-A.

di
Jd—C: =T, — Bw + a;2Q* — apnw@ — azow®  (8)

This equation is formed by using the constraihsand c,
in (1). Each of the matchings utilizes different subsets

the following set of output maps, V. TEST RESULTS

Y1 =w The detection algorithm, derived in the previous sections,
Y2 = —an2Q” + an1wQ + apow? (9) s in this section tested on a Grundfos 15W) CR5-10
ys = Q pump. This pump placed in a tank system as depicted in

The output maps are formed by using respectively constraifigure 2. The measurements used in the detection algorithm
c¢5 to obtain the expression fox, the constraintgs andcg

to obtain the expression fay,, and finally the constraint

c7 to obtain the expression fay;. The constraints are all
given in (1).

From (9) it is seen that each subset of the output maps,
containing two elements, fulfills assumption 1. Therefore
lemma 1 can be used to obtain residual observers for the
matchings. The obtained observers are given by,

J% =—-Bw - fT(yfﬂa yl) + Te+
01 : kl (yl — (j)) (10)
r=q (y1 —w)
J% = —Bw — fr(gs(y1,y2), 1) + Te+
03 : k3 (yl — (f)) (11)
T3 =q3(y1 — @)
Fig. 2. Sketch of the test setup. The measurements are the shaft torque
» ~ Te, the differential pressuréf,, delivered by the pump and the volume
J% = —Bo— Fr(ys: 94(y2, ys)) + Tet flow through the pumm.
Oy k4 (9a(y2,y3) — @) (12)
74 = qa (9a(y2, y3) — @) are the torque on the shéft, the differential pressurér,,



delivered by the pump and the volume flow through thehosen residuals. But it is also shown that the algorithm
pump Q. The valveV; is used to model disturbances inis sensitive to the operating point. This is partly due to
the system. Clogging inside the pump is modelled by thdependency between the operating point and the parameters

valve V. and dry running is modelled by closing, and

in the model and partly due to flow sensor problems. Even

openingVs. Rub impact is modelled adding an extra forceahough there are some dependencies between the operating
to the shaft and cavitation is modelled by closing valge point and the performance of the algorithm, the algorithm

gradually. Leakage flow is modelled by openiihg

still performs considerable better than algorithms build on

Test results have shown that the sensitivity to the faula linearized model.

f. and f; of the observe®, is very low. Infact it is so low

that changes due to the faults are smaller than changes due
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APPENDIXI
PROOF OF LEMMA 1

that there are some dependency to the operating point, seg-rom assumption 1 the inverse of the output maps of the

top figure of figure 3(a), This is partly due to problems Withsystem in definition 1 exists, meaning the following function
the flow sensor at zero flow and partly due to dependen@jn be obtained,

between the parameters and the operating point.
Figure 3(b) to 3(f) shows test results concerning isolabil-
ity of the five faults of interest in this work. All these tests

= g1(y1,y2)

Z =92 (2/17 y2) (13)

are performed withV; half opened and an angular speedyhere it is assumed that the faulfs = f3 = 0.
of approximately 2650 (rpm). Comparing the five figures choosing the observer dynamics as a copy of the dynam-

3(e) and 3(f) it is seen that the faults are distinguishablgs of the system defined by definition 1, and using the the
except for cavitation and dry running. This was expected g§yerse of the output maps the observer becomes,

the structural analysis in section IV-A already had foreseen
this.

VI. CONCLUSION

The topic of this work is fault detection and isolation in
a centrifugal pump placed in a submersible application. A
algorithm is developed, which is capable of detection an

when it is assumed that the faul
expression for the system the error equation of the observer
gecomes,

T =az + f(g1(y1,92), 92(y1, y2), u) + k(91 (y1, y2) — )

(14)
0. Using the

isolation of the faults in a centrifugal pump. The proposed ¢ = (az + f(z, z,u)) — (ad + f(z, z,u) + k(z — &))

alogrithm is independent of the application in which the

pump is placed. This makes the algorithm robust and usable

é=(a—

k)e (15)

in a wide range of applications including the submersiblevhere (13) is used in the observer expression (14), meaning

application under consideration in this work.

thatg, (y1, y2) = = andga(y1, y2) = z. Equation (15) shows

Tests have shown that it is possible to distinguish betweehat the error dynamic of the observer is asymptotical stable
the four of the five faults under consideration with the thred a — & < 0.
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The expression of the derived fault sigrfal is obtained

in the following by introducing the fault signals in the

é:aeJrf(x,z,u) 7f(vazfau) +€1(.T,Z)f1

error equation of the observer. Before this can be done, an,

expression of the fault when mapped through ghend g,
must be obtained. First the signals; andy,; are defined
as,
Yif = y1 — e2(w, 2) fa = hi(z,2)
Y25 = Y2 — e3(w, 2) f3 = ha(w, 2)
From these expression it is seen that the siggglsindys s
must be used in the mapg and g, to obtain the correct
value ofz and z, e.i.
= g1(y1y,Yay)
z = 92(y1f73/2f)
Thenodx; andz; is defined as,

dxy = — x5

dxs = g1(y1s,v2f) — 91(y1,92)

- k(a:f - j‘)
é=(a—kle+ (f(z,z,u) — f(x — dxp,z — 0zf,u))
+ei(x,2) fi — kdxy (16)

From this expression the following nonlinear expression of
the fault can be identified,

ff :(f(x,z,u) —f($+533f,2’—|—52’f,u))
+ei(w, 2) f1 — kdxy

Including this derived fault signal into the error equation in
(16) it becomes,

é=(a—k)e+ fy

r=qe
From this expression it is seen that the derived fault signal
fy s strongly detectable. This is not the case for the faults

fi, f2 or f3 due to the nonlinearities of the expressifn
making it possible thaf; = 0 even though one of the faults

anddz; andz; is defined likewise. Using these signals thefi, f2 or f3 is different from zero.

error equation, including the faults, becomes,



