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Abstract

An accurate model of a pumping plant driven by an induction motor is developed,
allowing a good estimation of the energy saving achievable with a feeding upgrade,
by substituting the mains source with an adjustable-speed inverter feeding, consid-
ered all the loss items and the service diagram of the water flow regulation.

1.- INTRODUCTION

In the application sector of the pumping of liquids,
where induction motors are generally used, the flow
regulation by the speed adjustment is usually considered
a convenient solution, compared with the regulation
using shutters, inherently energy wasting.

In some previous papers, a few design aspects con-
cerning the motor design and operation optimisation
with inverter feeding have been analysed, under the ba-
sic assumption of a completely new pumping plant: the
degree of freedom of frequency regulation leads to in-
crease the maximum motor speed, reducing the coupled
pump size and allowing a good flow regulation [1], [2].

Conversely, the present paper considers an existing
pumping plant, with the motor-pump subsystem already
installed, with a shutter flow regulation: if a substitu-
tion of the motor-pump group is not under considera-
tion, the fundamental questions regard the amount of
energy saving and the new operating conditions obtain-
able with an inverter feeding, taking into account the
effective service diagram of the water flow regulation.
These questions are connected with the evaluation of the
time-to-recovery of the investment needed for the
inverter installation; the following remarks are valid:
~if a wide flow control is operated, the energy lost be-

cause of the shutter regulation becomes important,

making convenient the inverter installation;

—if the regulation is limited, the energy saved in the
pipe may not compensate converter and motor extra
losses, making less advantageous the inverter upgrade.

After a description of the system and process models, in

the paper the following aspects will be analyzed:

—in case of shutter regulated plants: evaluation of en-
ergy savings obtainable by an inverter installation;

—in case of inverter upgraded plants:
—possibilities of increasing the maximum frequency;
—evaluation of different motor feeding V(f) laws.

2.- MODELS OF SYSTEM PARTS AND PROCESS

In the following, the models of the different compo-
nents of the pumping system will be considered, to-
gether with the characterisation of the pumping process:
in order to achieve realistic quantitative results, refer-
ence will be made to a practical plant situation.

2.1- Motor, pump, pipe and shutter
Motor

Depending on the flow regulation technique, the in-
duction motor may be fed directly by the mains or via a
converter stage. Considering that the present application
does not require particular dynamical performances, the
motor can be modelled with the classical T equivalent
circuit, valid for the steady state operation at the funda-
mental components: in the derived admittance, whose
applied voltage E takes into account the primary imped-
ance voltage drop, the non-linear core effects are accu-
rately implemented (ferromagnetic saturation - affecting
the magnetising current component I - and core losses
- corresponding to the loss current component Ip -).
About the motor losses, the following must be observed:
—the mechanical loss (weighty, due to the internal water

friction) is proportional to the power 2.5 of the speed;
~the stator and rotor IR extra losses, due to the
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inverter, are negligible (very low current harmonics -
thanks to a high switching frequency, without over-
modulation - ; weak skin effect - thanks to small di-
ameter stator wires and to limited height rotor bars -);
—the PWM inverter feeding causes extra iron losses,
mainly affecting the eddy current item: a simplified
correction factor K¢, can be used [4]:
Kpec (Mg )=1+K7 -(a/m, 1), (1)
(K, =0.75, q=1.47, m, inverter modulation ratio).
Table I gives the main data of the chosen motor (corre-
sponding to a real machine; design parameters in [1]).

where Hg is the total geodetic head, Hpr = 10.33-Ap the
output pressure equivalent head, Hy; (Q) the pipe dis-
tributed head loss (Lang formula) and HS(Q,pA) the
concentrated shutter head loss (Borda formula):

2 1.5
H Q)= 0 (—Q-) am(k&) L ®

d5 kp n

with a0 = 0.16/(n2-g), B = 0.045;
2 2
8-(Q/k

1
H (Qpa)= -1 ,
S( A (Cc‘pA ) 7t2-d4-g

with C, = 0.61 (N.B.: with open shutter: Hy(Q,1) = 0).

Table I - Main rated and operating motor data. 200 7
Rated voltage and power: Vi [V]; Py [kW] 380; 30 H 2 a L7
number of poles - frequency:  p ; f, [Hz) 2;50 f;no] —1—H{Q.py) \Q
. g

rated efficiency; power factor: imn [%]; cosQy| 86.6; 0.876
rated slip; air-gap flux density: sp [%]; Bsp [T]| 3.2 :0.64

Pump

The head-flow characteristics Hp(Q, N) of the plant
pump are shown in fig.1, for three different speeds N,
together with the pipe characteristics (H,(Q) = shutter
open; H(Q,p,) = different shutter regulations).
The power Pp requested at the pump shaft is given by:

Pp=g-(Bw/kn) QHyQN)m,@QN), (@

where ky= 6:10* (¢/min)/(m3/s), g = 9.81 m/s2, &= 103
kg/m3; Pp depends both on the plant opera[ing point
(H,Q) and on the pump efficiency Mp (see fig.2).
The characteristics of fig.s 1, 2 (obtained from experi-
mental curves, measured at a reference speed Np) have
been modelled by cubic spline interpolating functions:
HpR(Q) = Hy(QNR), M,r(Q) = n,(Q.NR); called n the
p.u. speed (n = N/Np), the curves at the generic N are:

Hp @n)= n? Hpr (Q/n), Tp @Qn)= TMpR @Q/n). 3
Pipe and shutter

The main characteristic of the pipe, together with the
general data of the plant are given in Table II: the data
of this Table and the pump characteristics have been
chosen in such a way that, when the motor of Table I is
fed by the mains, it operates near the rated condition.
The pipe is equipped with a motor driven shutter: this
flow regulation causes a loss of head, dependent on the
flow squared and on the pipe section contraction factor
Pa (see fig.1: points al, a2 = shutter regulation, with 0
< PA2< Pa1<l = shutter open; points bl, b2 = speed N
regulation; al,bl and a2,b2 are at equal flow values Q).
The pipe characteristics is modelled as follows:

Hr(Q’pA)=Hg +Hpr +HdL(Q)+Hs(QspA) » (4)

5 > .
Hy QN === N
Q | (¢/min) \\ N

0 200 400 600 800 1000 1200 1400 1600

Fig.1 - Head H [m] - water flow Q [¢/min] plant curves:

- pump characteristic: H,(Q, N), with N [rpm] motor speed;
- pipe characteristic: H(Q), with shutter open.

Different water flow regulation techniques:

points al, a2 = constant pump speed, with shutter regulation;
points b1, b2 = variable rotational speed, with shutter open.

0.8
.’-4.':' e,
0.7 /,' o ~ 2
T A \ \,
) \ .
0.6 e ) A3
/ A 3\ v
a5 \ .
0.5 “r s
S \\ ‘2900 rpm
Lt .
0.4 77 \ "
0 \ 2500\ rpm ‘.‘
/7 L\ g

0.3 T LI v

/{,' 2100\rpm ‘

(3 l .
0.2 \ .

\ i
0.1 Y
/’ Q [¢/min]] . \ ! 1

Y0 200 400 600 800 1000 1200 1400 1600 1800

Fig.2 - Efficiency curves of the pump of fig.1.

Table Il - General data of the pumping plant

total geodetic height; pipe length: Hg [m]; L [m] 70; 80
pipe diam.; rated water flow: d [mm]; Qn [¢/min] [80; 1000
pipe output pressure increase  Ap [atm] 3

2.2- Inverter, rectifier, input transformer
In case of speed adjusted flow regulation, an IGBT
PWM VSI inverter is considered, with an input trans-
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former feeding a d.c. link capacitor via a diode bridge
rectifier: their main data are given in Table III.

Table III - General data of the converter stage components

d.c. link V, switching freq.: Vqc [V];  fs [kHz] 700; 10

IGBT threshold V, differ. res.: Veeo [V]; Ri [mQ]| 1.7;6.5

rise time, fall time: tr [us]; - tf [us] 0.16; 0.10,

free wheel. diode thr.V, diff.R: Vwo [V]; Rw [mQ]| 1;3.5

fr. wheel. d. recov. charge, time: Qyr [UCl; ter [us] | 34; 0.40
rectifier diode thres.V, diff. R: Vio [V]; Ry [m€] 1;7
transformer rating; sh. circ. voltage: Ap [KVA]; vi% | 50 ;4
transformer nominal losses: Pfen ; Peun [kW] 0.33; 1.1

Table III data allow to analytically estimate inverter
losses (cooling ventilation losses, IGBT and free
wheeling diode forward losses, switching turn-on and
turn-off losses, recovery losses [3]), rectifier losses and
input transformer losses, as a function of inverter output
voltage Vout, current Iont and power factor cos@out.
As an example, fig.3 shows the calculated efficiency
curves of converter (¢, rectifier + inverter), transformer
(no) and global (M), for Voyur = 380 V, cos@out = 0.85.
LT
0.95+"—

Mg [
090~
- T M

0.85
/ Loy [A]

0.80 10 20 30 40 50 60 70 80
Fig.3 — Converter stage efficiency curves, with Vour = 380 V,
cos@out = 0.85 at the inverter output: )¢ = input transformer;
Tic = converter (inverter + rectifier); T = NeNe.
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The 1 curve shows that, in the rated conditions (Ioy =
60 A, shutter open), the power absorbed from the mains
is higher in case of inverter feeding (with V/f = constant
feeding law) than in case of direct mains feeding.

This remark is confirmed by fig.4, showing the input

power as a function of Q: P,,(Q) is the power absorbed

by a shutter regulated plant, while Pa1v Q) is that ab-
sorbed by the same plant with an inverter feeding (V/f =
const.): for comparison needs, the same maximum flow

Qpm = 1085 £/min has been considered, as like as the

corresponding frequency at the flow Qy (fp1 = 50 Hz).

The following remarks can be made:

—at weak regulation levels, the power absorbed by the
inverter driven plant is higher than that requested by
the plant directly fed by the mains;

—the lower the flow is, the more important is the energy
gap among the two regulation modes, with a higher
and higher superiority of the inverter system.

The origin of this energy gap is partially due to the dif-

ferent operating pump efficiencies corresponding to
each flow with the two techniques (fig.5). However, this
efficiency difference is not sufficient to explain the great
power difference of fig.4: the main cause is the power
lost in the shutter itself, shown in fig.6 as a function of
the flow (via the pipe section regulation factor p A)- In
fact, the extra power P,  requested at the pump output
by the shutter, divided by the pump efficiency, corre-

* sponds to the extra power at the pump shaft and, finally,

to the extra input power, via the electric efficiency.
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Fig.4 ~ Power absorbed from the mains by a pumping drive
installation, as a function of the water flow regulation:

P,5(Q) = power input in case of shutter regulation;

PaIv /f(Q) = power input for V/f = const. inverter feeding law.
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Fig.5 — Pump operating efficiencies occurring at each water
flow: ’qps(Q): shutter regulation; npl(Q): inverter regulation.
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Fig.6 — Hydraulic losses following the shutter, due to the sec-
tion regulation, for each corresponding operating water flow.

3.- ENERGY SAVINGS WITH INVERTER UP-
GRADE OF SHUTTER REGULATED PLANTS

3.1- Energetic schematisation of the pumping process

In order to perform energy evaluations it is necessary
to consider the time dependence of the requested water
flow, and to operate the time integration of the power

C3-3
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quantities of interest. Usually the duty diagram of a
pumping plant is known in term of service histogram,
linking the p.u. frequencies f to the p.u. water flow val-
ues g: in the case of fig.7, the most frequent flow value
is around 60% of the maximum (Qys = 1085 ¢/min), for
roughly 28% of the time: this suggests that the energy
saving with a speed regulation can be significant.

Of course, the plant must be sized for the maximum
flow QM, even if it occurs for less than 5% of time.
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Fig.7 — Pumping plant service diagram histogram: frequencies
f of each p.u. flow q referred to the plant maximum flow Qm-
By operating a fitting manipulation of the histogram
data, the parameters of the corresponding Weibull prob-
ability density function fy/{(q) can be obtained (k,, =
shape parameter, c,, = scale parameter):

' Ky (kyw-1)
fw(q)=§—‘”-exp —[i] (—q—] N0)

w Cw Cw

The Weibull function allows to evaluate all the time de-
pendent plant quantities: the matching between the
plant service diagram of fig.7 and the power operating
characteristics of fig.4 can be obtained by using Weibull
function weighted integrals instead of time integrals.
Called: Aty the day time duration, Q,yq the average
daily flow, V4 the daily water volume pumped, Waax
the daily absorbed electrical work, being P,x(q) the
power absorbed at each p.u. flow q with the “X” flow
regulation technique, the following eq.s are valid:

92
Qavd =QM‘fql q-fw(q)-dq: Vyg =Qayq -4ty ,(8)

: q
Waax =8tg - [ " Pax@)} fwla)da . ©)

These expressions suggest that, being the same the
power characteristics, the results of the given integrals
greatly depend on the Weibull probability density func-
tion, describing in statistical terms the service diagram.

3.2- Energy savings for different service conditions

In Table IV, four service histogram data are consid-
ered, different for the regulation range amplitude and
distribution: for comparison reasons, the same maxi-
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mum flow Qy, is supposed; the last two lines give the
corresponding Weibull parameters, to be put in (7), and
then in (8) and (9). Table V shows the main integral
quantities corresponding to the four frequency distribu-
tions of Table IV and referred to a duration of one day.
Table IV — Frequencies f of each flow g, with four
different pumping plant services (w = wide; m = mid-
dle; n = narrow; vn = very narrow); the last two lines
give the corresponding Weibull parameters.

Flow | frequency f [%] (x regul. = x regulation)
g [%] | wregul. | mregul. | nregul. | vn regul.
10 0.5 0.0 0.0 0.0
20 2.9 0.0 0.0 0.0
30 7.1 0.1 0.0 0.0
40 14.8 0.6 0.0 0.0
50 19.2 1.8 0.0 0.0
60 274 5.4 0.4 0.0
70 16.0 12.8 2.9 0.0
80 7.2 30.1 16.2 1.7
90 3.5 40.8 49.6 16.9
100 1.3 8.5 30.5 81.3
k., 3.164 7.708 13.80 26.00

Cw 0.5676 | 0.8086 | 0.8956 | 0.9414

Table V — Daily integral quantities of pumping plant op-
eration, with the four pumping services of Table IV; W 4
= energy absorbed from the mains in one day; w,q = spe-
cific energy, per one m* of pumped water; S = Shutter
regulation; / = Inverter regulation, with V/f = constant.
Integral wide |middle(narrow| very
quantity range | range | range | narr. r
average flow [¢/min] } 584.2 | 817.8 | 924.0 | 990.7
W45 [kWh/day] 695.7 | 771.4 | 790.6 | 801.5
W, 47 [(kWh/day] 450.7 | 628.3 | 718.8 | 781.7
W,aqs [kWh/m?] 0.881 | 0.655 | 0.594 | 0.562

woqr [KWh/m?] [ 0.571 [ 0.534 | 0.540 | 0.548

The following remarks can be made:

—the daily absorbed energy for a shutter regulation is
always higher than that of an inverter V/f regulation;
—the ratio W, 45 /W4y, high for a wide range (w: 1.54),
reduces in the other cases (m: 1.23; n: 1.10; vn: 1.03);
—the difference W4 — W,y , significant for the wider

ranges, becomes very low for the narrowest ones;

—the comparison among the input energies W, allows
to evaluate the energy savings per day: nevertheless,
each diagram implies very different average flows,
making non homogeneous the energy comparison;

—the integral quantity most suited to evaluate the energy
efficiency of the plant is the specific energy per one m?
of pumped water: in fact, the specific energy for an
inverter regulation is practically the same for each

SPEEDAM 2000 ISCHIA, 13 -16 June 200
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range extension; conversely, the specific energy in
case of shutter regulation shows the cited dependence
on the range extension.
Thus, in case of narrow or very narrow flow regulation
ranges, it is not convenient to substitute the shutter with
an inverter, because the energy saving will not compen-
sate the initial investment in a reasonable time period.

4.- SYSTEM PERFORMANCES UNDER DIFFER-
ENT INVERTER FEEDING CONDITIONS

4.1- Possibilities of an increase of the maximum speed
The adoption of an inverter feeding leads to explore
the possibility to improve the system performances, by
increasing the maximum motor-pump speed; in fact:
—the maximum water flow could be increased;
—a speed increase would imply a better motor cooling;
—a significant motor speed increase has been already
achieved (roughly +42%) in case of a completely new
installation [1], by reducing the coupled pump size.
A similar analysis, performed in the present situation,
led to the conclusion that a significant increase of the
maximum speed cannot be obtained: in fact, the pres-
ence of the already installed pump (instead of a smaller
one) implies an excessive power output requested to the
motor, with winding temperatures exceeding the maxi-
mum values, even if a better cooling condition occurs.

4.2- Analysis of voltage-frequency feeding laws

During the previous analysis, in case of inverter feed-
ing, the V/f = const. law has been adopted: as known,
this law is based on the assumption that the motor oper-
ates correctly if the flux is maintained constant.
Nevertheless, considering that the modern inverters al-
low a digital implementation of the V(f) law, different
feeding criteria can be adopted. One interesting law cor-
responds to the voltage that, for each frequency, mini-
mises the motor losses. The aim of this section is to find
this feeding law, comparing it with the classical one, for
the conditions of the pumping process here considered.
In the following, all the quantities H regarding the clas-
sical V/f = constant law will be identified with the sub-
script vf (Hyg), while those concerning the feeding law
at minimum losses will have the subscript mé (H,p).
The main idea of the minimum loss method is based on
the following eq. of the gross output power Pyyy [1]:

B: -F2.s5-(1-s)

(10)
1+ B -F~s)2

Poutg = Poutg (Bs.F,s)= Qp -

with oy, B, motor parameters, Bg air-gap peak flux
density, F = ¥/f, p.u. frequency and s slip; Bg, F and s
are the fundamental operating variables of the motor.
Considered a frequency value F (to which a value of the
speed is approximately associated and, therefore, a value
of the power requested by the pump too), the same
power Poutg can be obtained with different values of air-
gap flux density and slip; moreover, the higher the flux
density is, the more important the core losses are, and
the higher the slip is, the higher the stator and rotor
Joule losses are. Thus, for each frequency, a suited
choice of slip and of air-gap flux density (dependent on
the feeding voltage) allows to obtain the requested
power output, with the minimum motor losses.
The results of this analysis are shown in the following.

Fig.8 shows the V(F) functions corresponding to the
classical law (V«(F) = constant-F and to the minimum
losses law V. ,(F), in the frequency range of interest.
1
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Fig.8 — p.u. feeding laws: classical V/f = constant: V (F);
minimurn losses feeding law: VB

The adoption of the V,,, (F) implies a flux weakening at
low frequencies (see also fig.9, representing the p.u.
magnetising current i, ); moreover, as previously dis-
cussed, higher slip values occur, as illustrated in fig.10.
The loss reduction improves efficiency and power factor
(fig.s 11,12), with motor and plant energy advantages.
For each speed, fig.13 shows the ratio of the power P,
(absorbed from the mains with V_,,(F)) over the power
P, (absorbed with V «F)): the energy saving could
appear important, especially at low speeds; on the con-
trary, the effective saving is less significant, because:
—motor operation is already optimised at rated speed;
—the absolute powers absorbed at low speed are small;
—the low speed operation occurs just for a fraction of

time, depending on the Weibull frequency diagram.
Table VI shows the energy efficiency obtained for each
service of Table IV, with va(F) and with V_ ,(F):

Mey = out/wavf I out/Wame . (1D

In (11), while the input work W, depends on the feeding
law, the same value of the output work Wt IS consid-
ered, because plant and service diagram are the same.
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As can be observed, only in case of a wide regulation of
the flow range, with a significant extension of the serv-
ice diagram in the low speed interval, an estimable effi-
ciency difference can be obtained (Ane = 0.5%).
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Fig.13 — Plant input powers ratio, with V ,(F) and V(B

The conclusion of this analysis is that, in this applica-
tion and for the considered operating conditions, the V/f
= constant law is very near to the feeding law at mini-

mum losses; nevertheless, considering the easy imple-
mentation of the V_ ,(f) law in the inverter control
board, it could be worth to verify if a “power tuning” of
the plant can optimise the system efficiency, by means
of off - line tests at different inverter output frequencies.

Table VI - Plant energy efficiency for various flow regula-
tion ranges, with inverter feeding law Vu(F), Vo o(B).

Energy efficiency: | wide |middle|narrow Very nar

Me= W/ Wy range | range | range [rowran.
Ne With V (F) [%]} 76.26 | 78.52 | 79.10 | 79.37
Ne With V. (F) [%]] 76.76 | 78.60 | 79.12 | 79.36

5.- CONCLUSIONS

In this paper, an accurate model for the evaluation of
the energy savings obtainable in a pumping plant with
an induction motor for submersible pump has been de-
veloped, considering an inverter upgrade for a speed
regulation instead of the direct mains feeding and the
water flow regulation by means of a shutter.

The characteristics of the hydraulic components have
been accurately developed, together with all the electri-
cal and magnetic phenomena (motor core saturation,
inverter, rectifier, input transformer loss items,...) nec-
essary for a comparative estimation: the aim is to evalu-
ate the time-to-recovery of the initial investment re-
quired for the inverter installation.

A few service conditions have been considered, by
means of a statistical approach, using Weibull functions.

Different feeding laws have been analysed for the
inverter operation, showing the level of suitability of the
classical V/f = constant law.
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