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SENSORLESS CONTROL OF WATER SUPPLY PUMP
BASED ON NEURAL NETWORK ESTIMATION
Expediency of application of artificial neural networks for estimation of water supply pump flow rate and head is

shown. A design procedure of a water head neural network estimator is considered. A hybrid model of the pump
affording research of the estimation and sensor free control processes is developed. Simulation results of the processes

of water head sensor free stabilization are presented

Tokazano doyinbHicme 3aCcMOCY8AHHA ANAPAmMy WMYYHUX HEUPOHHUX Mepedc O OYIHIO8ANHS NPOOYKMUSHOCT
ma Hanopy nomn eooonocmadanusi. Pozenanymo npoyedypy po3pobxu neiipoecmimamopa nanopy. Pospobaeno 2ibpuo-
HY M00elb NOMNOBOI YCMaHOBKU, NPUOAMHY OJis OOCTIOINCEHHS NPOYECi6 OYIHIOBaHHA Ma 0e30amyuUK08020 Kepy8aHHs.
Hageoeno pesynomamu cumyniosanus npoyecis b6ezoamuuxosoi cmabinizayii Hanopy.

Tokazana yenecoobpasHocms UCNONL308AHUSL ANNAPAMA UCKYCCIBEHHBIX HEUPOHHbIX cemell 051 OYeHUBAHUS
NPOU3B0OUMENLHOCIU U HANOPA HACOCO8 8000CHabICeHus. Paccmompena npoyedypa paspabomku Helpodscmumamopa
Hanopa. Paspabomana 2ubpuonas mooens HACOCHOU YCMAHOBKU, NO3BONAIOWAS UCCAe008aMb NPOYECCbl OYSHUBAHUSL U
be30amuuxogozo ynpasnenus. Hageoenwvl pesynomamol cumMynuposanus npoyeccos 6e30amyuxosoli cmabuiu3ayuy Ha-

nopa.

1. Introduction

Research and development of energy and resources
saving technologies in the domain of water supply sys-
tems is very important for all countries. The best results
are achieved there with the implementation of a controlled
induction motor drive as a pump mover and an energy-
efficient control and automation algorithm based on mod-
ern control theory [6]. Pump head stabilization system
and water demand predictors combining with pump
scheduling have found the most widespread application in
practice. Recently the leading manufacturers of pumps
also propose so-called intelligent pumps controlling both
the pump and the motor and providing many functions for
energy saving, and reliable operation. An interesting ex-
ample is the Grundfoss Magna pump’s ability to meet
system demand at the lowest possible control curve, thus
maximizing energy saving [6]. A new direction of re-
search, so-called “interactive” control, also started re-
cently exploiting an interplay between the control law and
the consumers response [3,5,7]. It automatically searches
for the lowest pump velocity that satisfies consumers’
demand. Extremal control systems searching for pump’s
operating points with maximum efficiency are also devel-
oped for parallel and series connection of pumps [8].

The main drawback of the existing systems becomes
apparent for small scale water supply systems. In this
case, the costs of the head or flow rate sensors are about
the same as the cost of the pump and the induction motor
together. This fact directed the efforts of researchers on
the development of sensorless control systems (without
head or flow rate sensors).

The idea of the sensorless control of centrifugal
pump bases on the fact that any pump’s operating point
for any velocity on the head-flow rate steady-state charac-
teristic corresponds to a unique point on the pump’s shaft
power-flow rate characteristic. Therefore, knowing of the
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pump velocity and measuring the consumed active power
at the terminals of the driving induction motor gives pos-
sibility to compute the values of the head and flow rate
from the characteristics addressed above. Note that the
consumed active power differs from the pump’s shaft
power by the value of electric drive’s losses causing esti-
mation errors. Manufactures embed a number of the char-
acteristics in the memory of the frequency converters
combining functions of pump and motor control. The ap-
proach is sufficient for systems with a slow change of
hydraulic resistance. The most known products are Dan-
foss VLT® AQUA Drive and Vogelpumpen Hydrovar
[6]. A description of the method of sensorless pump con-
trol based on measurements of stator voltages and cur-
rents of the pump induction motor utilizing extended
Kalman filter estimation is presented in [4]. It is more
complicated and recommended for systems with fast dy-
namics.

The objective of the paper is to show expediency of
application of the neural network estimation of the head
and flow rate. Another task is to develop a procedure of
design, simulation and research of the sensorless head
stabilization system.

2. Expediency of application of the neural net-
work estimation of the head and flow rate

A centrifugal pump Calpeda MXH 202E with the r-
ated power 0.33 KW equipped with a three phase squirrel
cage induction motor with rated 2900 rpm and 220 V
phase voltage was researched. A frequency convertor
Lenze 8200 Vector with the rated power 0.75KW fed the
stator winding of the motor. During the experiments, the
convertor provided the constant ratio of the stator voltage
amplitude and square of the stator voltage frequency. The
head and flow rate were measured by the corresponding
sensors MBS3000 and Kobold DRS1.15 connected to
digital ammeters with an internal 24 VV DC source, while
the consumed power (active power at the stator terminals)
and frequency were measured by the monitoring system
of the convertor.
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Fig.1 demonstrates the experimental steady-state de-
pendences of the water head on the flow rate for different
voltage frequencies. The experimental points are marked
as asterisks. A well-known approximation of the depend-
ence of the head on the flow rate is as follows [4]

H=H, (o/o,)*-a,Q% (1)
where H and Q denote pump’s head and flow rate re-
spectively, o is the pump velocity, H,, is the head of the
pump with zero flow rate and rated velocity o, and a,
is a hydraulic resistance of the pump.

. Q,=m3/?1;6ur ’
Fig.1. The dependence of the head on the flow rate for
different frequencies

Since during the experiments, the frequency f was

measured instead of the velocity than the experimental
curves on Fig. 1 could be approximated by similar expres-
sion

H =H0r(f/fr)2—apQ2. 2
where f, is the rated frequency.
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Fig.2. The dependence of the consumed power on the
flow rate for different frequencies

The values of H,, and a, were computed from the

rated experimental characteristic in such a way that the
rated experimental and approximated characteristics had
two joint points. The approximated characteristics for
other frequencies were determined using the same com-
puted values of H,, and a, (see the curves without aster-

isks). As it is seen from Fig. 1, the quality of approxima-
tion is acceptable in the working range of operating
points.

Fig. 2 shows the corresponding experimental de-
pendences of the consumed active power on the flow rate.

The experimental points are also marked with asterisks.
The widespread approximation of the pump power versus
the flow rate is [4]

P=a(o/o,)’ +blo/o,)’Q+c(w/m,)Q*.  (3)
where a, b, and ¢ are constants for a specific pump.

The approximations presented in Fig. 2 (the curves

without asterisks) were taken similar
P=a(f/f)*+b(f/f)*Q+c(f/f)Q". 4)

The approximation coefficients a, b, and ¢ were
derived from the rated experimental dependence in order
to the rated experimental and approximated characteristics
had three joint points. The same values were used during
the computation of the curves for other frequencies. The
deviation of the corresponding experimental and ap-
proximated characteristics is not acceptable to be used for
flow rate (and following head) estimation based on fre-
quency and active power measurement. More over, the
approximation at lower frequencies gives regions where
the power reduces with the flow rate increase. Physically,
it is not possible. One way to overcome the problem is to
determine the separate approximation coefficients for
each characteristic and to exclude the “incorrect” regions.
But this complicates the implementation of the estimation.
In the same time, the accuracy of the estimation highly
depends on the number of characteristics embedded in the
memory of the controller. A more simple and effective
solution is implementation of a neural network for the
head and flow rate estimation. In this case, the approxi-
mation is a result of neural network learning based on the
experimental data. It allows estimating precisely the val-
ues of the head and flow rate even for the operating points
between the experimental characteristics. Note that the
pump’s shaft power is also eliminated from the estimation
algorithm.

3. Design of the neural network head estimator

Since the neural network determines the dependence
between its input and output vectors, the output vector
(the target of learning) is an array of the experimental
values of the head or flow rate for the corresponding es-
timators respectively. The input vector is a matrix com-
prising two arrays of the experimental values of the con-
sumed active power and frequency (or velocity, if it is
measured instead of the frequency) corresponding to the
head and flow rate. Note that the steady-state velocity of
the induction motor is a function of the frequency (and the
voltage amplitude tied to the frequency) and a load torque
(the pump’s shaft power divided by the velocity). There-
fore, there is no matter what is used for the estimation: the
frequency or the velocity.

A neural network of the feed-forward backpropaga-
tion type is chosen for the estimator implementation. The
network includes three layers with 7, 20, and 1 neurons in
the first, second and third layers respectively. The tansig
activation functions are chosen in the first and second
layers, and the purelin function is utilized for the third
one. The training function is trainlm. Fig. 3 shows a com-
parison of the experimental dependences of the head on
the frequency and consumed active power and the de-
pendences of the output of the network (the estimated
value of the head) on its input vector (the experimental
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values of the frequency and the power) computed during
simulation. In the researched ranges of frequencies and
powers, the estimation of the head is acceptable for the
control purpose. Similar results can also be easily ob-
tained for the flow rate estimator. To decrease the number
of neurons and provide the same quality of the estimation
is necessary to increase the number of experimental
points.

42Hz 44Hz 46Hz . 48HZ

100 ‘x;_‘ 40Hz =,
200 38Hz @
N e &
PW 20 ™~ f, Hz
Fig.3. Comparison of the experimental head and the esti-
mated value

Note that in the case of the analytical approximation,
the estimation of the head is performed based on the esti-
mation of the flow rate. The neural network head and
flow rate estimators deal only with measured or referred
values. For example, the frequency convertor Lenze 8200
Vector two analogous outputs can be adjusted in such a
way that the voltages there are proportional to the fre-
quency and consumed active power. They can be easily
read by a microcontroller with ADCs and then processed
according to the neural network estimator’s mathematical
description. The output signal should be calibrated within
4-20 mA for the standard connection to the feedback in-
put of the Lenze 8200 converter’s embedded PID control-
ler.

4. The hybrid model of the centrifugal pump

A typical model of the centrifugal pump with the
frequency controlled induction motor drive is presented in
[4]. Specifically, the pump flow rate dynamics is de-
scribed by a non-linear differential equation of the first
order

R_Ho o Ly L) ©
dt  y,o Yo Yo
where Hg; is the height of water lifting, a, is the hy-
draulic resistance of the network, y, is the integration

constant.

Equation (5) is valid if the back vent at the pump’s
output is opened (if Q >0). In the opposite case (if Q <0),
Q is set to zero.

The value of the pump head H is computed from
(1). The value of the pump’s shaft power [4] can be de-
termined as follows

P, =pgQH /m, (6)
where p is the water density, g is the constant of
gravity, and n is the pump efficiency.

The pump efficiency n is a function of the head and
the flow rate n=f(Q,H). In many cases, the control
range of the pump’s flow rate and head is limited and the

pump’s efficiency can be considered a constant. Alterna-
tively, the pump’s shaft power can be approximated by an
equation similar to (3) [4].
The load torque of the pump’s motor is
T =P /o. (7
Since the case of the estimation based on the meas-
urement of the consumed active power is developed then
the shaft power P, should be replaced by the consumed

power in the pump’s model. It is implemented by adding
into the model a neural network estimator of the con-
sumed active power with the input vector based on the
experimental values of the flow rate and head. The same
structure of the estimator as for the case of the head esti-
mation is chosen. Fig. 4 shows the output of the con-
sumed active power estimator and the experimental val-
ues corresponding to the experimental values of the flow
rate and head.
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Fig.4. Comparison of the experimental consumed active
power and the estimated value

Since the accuracy of approximation (2) is accept-
able then equations (1) and (5) are left and combined with
the consumed active power estimator in the pump model.
Note that the model includes the internal estimator not
used in the sensorless control algorithm. It is only utilized
for simulation purpose. This is the reason we call this
model as a “hybrid” model of the pump.

The model also comprises the well-known two-
phase model of the induction motor in the stator reference
frame a-b [4]. To compute the load torque the pump’s
shaft power is determined as the difference between the
consumed active power and power losses in the induction
motor. The general power losses include the copper and
steel losses and the mechanical losses as well [1]. For the
simplification purpose, the copper losses are only ac-
counted during the simulation according to the equation

(2 2 20 2
AP, ?[(lm+|1b)R1+(|2a+|2b)R2}. (8)
where i, , i, are the stator currents, i,,, i,, are the rotor

currents, R,, R, denote the stator and rotor resistances.

The block diagram of the frequency convertor used
in the model is presented in Fig. 5. The following notation
is accepted: U,,, U, are the stator voltages, ® is the

electric angle, U, is the amplitude of the stator voltage,
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T, isa small time constant, U, is the rated value of U, ,

U, is the voltage amplitude at zero frequency, U, is the

m

reference of U, f° is the

k= (Umr _UO)/ frz‘

f 1 f
T.p+l

Fig.5. Block diagram of the frequency convertor

referred frequency,

The hybrid model of the pump with the frequency
controlled induction motor drive is depicted in Fig. 6,
where P marked with “A” denotes the estimate of the
consumed active power.

jHst. 12
« [Frequency Ui _| Induction motor | ® Equations Q
f convertor model in the a-b (1) and (5) H

reference frame
and equation (8)

T P l_ | Consumed
-|Z| «—factive power|

estimator

model U_l".

AP,

Pump model

Fig.6. The block diagram of the pump hybrid model

5. The block diagram of the sensorless head stabi-
lization system

The block diagram of the sensorless head stabiliza-
tion system is presented in Fig. 7, where H marked with
“A” denotes the estimate of the head, and W, (p) is the

transfer function of the head controller. Although the em-
bedded PID controller of the frequency converter is dis-
crete, the continuous transfer function can be used be-
cause the sample time is very small and enough to con-
sider the discrete control system as a continuous one.

JHstlan
Hyorid |9,
H* | pump [y
_’O_' Wiic(p) model [
— in Fig.6 P A
¢ Head [H
estimator

Fig. 7. The block diagram of the sensorless head stabiliza-
tion system

To compute the parameters of the PID controller de-
velop a linearized model of the system. Consider a small
perturbation of the velocity 8w causing a small perturba-

tion of the flow rate 3Q in equation (5). The difference of
equation (5) with the substitutions o= o, +dw,
Q=Q,, +6Q, where index “op” denotes an equilibrium

operating point, and equation (5) for the equilibrium with
the substitutions w=0,,, Q=Q, , and neglecting

second-order terms results in

09 i
Tq p+1

5w, (9)

where k, = H, o, /(0;Q,,(a, +2,)) and the time con-
stant T, =y, /(2Q,,(a, +3,)) -
Similar manipulation applied to equation (1) gives

HOrwop 1
Q —=—3dw- SH . (10)
©;a,Q, 2a,Q,,
With substitution (10) into (9), one obtains
ok mPrLs (11)
T,p+1

where k, =2H,.o,a, /(o (a,+a,)) and the time con-
stant T, =T, (1+a,/a,) .
A simplified linearized model of the frequency con-

trolled induction motor drive [2] neglecting the electro-
magnetic transients can be written as

2n/ Py Ne
Tup+1
where p, is the number of the motor poles, T,, is the
electromechanical time constant.
The transfer function of the open head loop without
the head controller assuming no head estimation error
Wy (p) = 207/ B TP+
v P+l Tq p+1
The standard adjustment providing 4.3% overshoot-
ing gives the following head controller
WHc (p) — Wohl (p) =Kpc THC p +1 1 )
2Ty p(Ty p+1) Ticp Typ+l
where k. = p,T, /(4nTy k), Tpe =T,
It is a series connection of a Pl-controller and a fil-
ter. In case of the industrial frequency converter, the im-
plementation requires additional equipment for the filter.
A simpler way is to leave only the Pl-controller and to
choose the acceptable parameters of the controller during
the simulation of the nonlinear system.
6. Simulation of the sensorless head stabilization
system
The following values of the motor and convertor pa-
rameters were used during the simulation R, =32.892 Q,

R,=22555Q, the stator and rotor inductances
L,=1.9095 H, L, =1.9304 H, the mutual inductance of the
stator and rotor L, =18706H, p,=1, the inertia
J =0.048 kgm?, T,=0.001s, U, =310V, U,=0.06U,,,
f. =50 Hz. The following parameters of the pump model
were utilized a =1.534-10"s/m®, 7y, =1.5shour/m’,

: (12)

(13)

(14)

H¢; =1 m. Fig. 8 shows the estimation process during a

start of the open loop system (Fig. 6) and changes of the
hydraulic resistance of the network. The value of the es-
timation error during the simulation is mainly caused by
accounting not all power losses in the motor model. Dur-
ing the start, the reason of the error is also the values of
the input vector of the estimator beyond the learning
ranges. The step response of the stabilization system us-
ing the head estimate as a feedback is depicted in Fig. 9.
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Fig.8. The estimation process in the open loop system
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Fig. 9. The estimation process in the stabilization system

7. Conclusions

The neural network estimation of the pump head and
flow rate is a good alternative to the estimation based on
analytical approximation. It allows to increase the accu-
racy of estimation. Simulation of the sensorless head sta-
bilization system requires development of the “hybrid”
model with the estimation of the consumed active power.
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