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COMPARISON OF ENERGY CONSUMPTION OF VARIOUS ELECTRICAL MOTORS
OPERATING IN A PUMPING UNIT

Purpose. Comparative analysis of energy consumption of various types electric motors in fixed speed centrifugal industrial pump
applications is carried out. The purpose of the analysis is to choose the most efficient motor in the considered application. It is
assumed that hydraulic flow of the pump is adjusted by throttling. The rated power of the pump unit is 2.2 kW. Direct on line
motors of various energy efficiency classes from various manufacturers are considered: induction motors with permanent
magnets on the rotor of IE4 class and squirrel cage induction motors of IE3 and IE4 classes. Methodology. Assessment of energy
consumption of the motors is carried out based on the catalogue data from manufacturers of the pump and the motors. Pump
hydraulic equations, interpolation of motor catalogue data and statistical data are also used. Results. The following values have
been obtained: annual and daily energy consumption of the motors and electricity cost savings comparing with the least effective
motor considered. Practical value. The following practical consideration are presented based on the theoretical results: choosing
the motor based only on its IE efficiency class according to IEC 60034-30-1 is not enough to ensure the minimum energy
consumption of pump units with variable flow during the load cycle. In addition, the energy consumption may be higher in the
case of permanent magnet motors of IE4 class in comparison with induction motors of IE4 or even IE3 class. Therefore, it is
necessary to take into account efficiency of the motors at underload and it is needed to calculate the energy consumption during
the actual load cycle. It should be noted, that the existing approach based on the Energy Efficiency Index (EEI) calculation does
not provide information about absolute values of energy savings and cost savings, in contrast to the described approach. While
choosing motors to run in the considered application it is also important to take into account that the motors with permanent
magnets on the rotor have significantly higher price and very restricted starting capabilities comparing with induction motors. In
addition, the production of rare earth magnets causes a significant environmental damage. References 40, tables 5, figures 6.

Key words: centrifugal pump, induction motor, line-start permanent magnet synchronous motor (LSPMSM)), efficiency class,
energy efficiency, throttle control.

Mema. Ilopienanvnuii amaniz eHePeOCNONCUBCAHHA e1eKMPOOGUSYHI6 pI3HUX munie i Kiacie enepzoegekmugnHocmi 6
e1eKmponpueoodi 8ioyeHmposozo Hacoca nomydcuicmio 2,2 kBm cucmemu eo0onocmauanns 3 OpocebHUM peyni08aHHIAM.
Ilopisnroganuca CuHXpOHHI eNeKMPOOGUZYHU 3 NPAMUM NYCKOM | ROCMIUHUMU MAZHIMaAmMu Ha pomopi Kiacy
enepzoeghexkmuenocmi IE4 i acunxponuni enexmpooseuzynu knacie enepzoepekmuenocmi IE4 i IE3 piznux eupoodnuxie.
Memoouka. Po3paxyHoK eHepzoCno)dCU8AHHA NPOBOOUECA HA OCHO6I OAHUX HAcOoca i elNeKmpPOOSUZYHIE, W0 HAOAIOMbCA
eupodHUKaAMU, | 6KIIOUAE 6 cebe PO3PAXYHOK eHEP2OCHONCUBAHHA GIOUEHMPOBUM HACOCOM 6 MUNOGOMY POOOYUOMY WUKI, AKUIL
nepeobauac pooomy 3i 3HUNCEHUMU HABAHMANCEHHAMU RPOMAZOM MPUEAN020 yacy. Pesynomam. Ompumano po3paxynxosi oani
no 000080My i piuHOMY €HEPZOCNONCUBAHHIO PO3ZNAHYMUX €1eKMPOOBUZYHIE 6 MUNOBOMY POOOUOMY UUKII Hacoca, piuHa
eapmicmpy eneKmpoenepzii uxo0auu 3 cepeonboOE6POneIiCbK020 mapuqy, eKOHoOMis 8 2pOUL08OMY GUPAINCCHHI U000 HATIZIPULOZ0
enekmpooguzyna 3 posenanymux. Ilpakmuune 3nauennsn. Iloxkazano, wo eudip enexkmpoosucyna 3a KIIJl npu naimenuwiomy
Hasanmajycenni, moomo paxkmuuno Ha O0CHOBI RPUCBOEHO20 6i0n0GIOHO 00 cmandapmy IEC 60034-30-1 knacy
enepzoegpekmuenocmi IE, ne npuzeooumsv 00 MIHIMANBbHOZ0 €HEPZOCHONCUBAHHA GIOUEHMPOBO2O0 HACOCHO20 azpezamy 3i
3MIHHOI0 NOOAYel) NPOMAZOM MUN0E020 POOOU020 yukny. Taxkodxc nokazano, ui0 3acmocy8aHHA € HACOCHUX azpezamax 3i
3MIHHOIO 6UMPAMOI) CUHXPOHHUX e/1IeKMPOOBUZYHIE 3 NPAMUM RYCKOM | nocmitinumu mazuimamu knacy 1E4 ¢ paoi eunaokie
npu3eo0ums 00 6iNbULIOZ0 eHEPZOCRONHCUBAHHA, HINC 3ACMOCYBAHHA ACUHXPOHHUX eleKmpoosuzynie knacy IE4, a inoodi i knacy
IE3. Taxum uyunom, npu euoopi knacy enepzoegexkmusnocmi eieKmpoosuzyna AK 07 HACOCHO20 azpezamy, max i 01s 0y0b-
AKO20 IHWI020 MeXani3my, Wi0 RPAyloc 3HAUHUIL YAC NPU 3HUNCEHUX HAGANMANCEHHAX, Ci0 NPOBOOUmMU DPO3PAXYHOK
EHEP2OCNONHCUBCAHHA HA RIOCMAB] OAHUX NPO MUNOBUIL POOOUUL YUK ado 3 eKcnepumenmanvHux oanux. Ilpu yvomy icuyrouuii
nioxio, 3acnoeanuii Ha eu3HayeHHi iHOeKkcy enepzemuunoi epexkmusnocmi EEI, ne oac ingpopmauii npo exonomiio
eneKkmpoenepzii 6 HamypansHoMy i 6apmicHOMYy 6upasax, Ha GiOminy 6i0 onucanozo ¢ pooomi nioxody. Ilpu eubopi
eneKmpoosuzyHa 3a NPUHUUNOM Oil c1i0 6paxogyeamu, KpiM eHepZOCHOMCUGAHHA, me, W0 CUHXPOHHI e1eKmpoOsuzyHu 3
nOCMiliHUMU MAZHIMAMU MAIOMb 8€JIUKY 6APMICHIb, HIMC ACUHXPOHHI e/1eKMPOOBUZYHU, € MPYOHOWI IX 3anyCKy NPU 3HAUHOMY
Momenmi iHepuil, a OMpPUMAaHHA MazHimie 3 PIOKO3eMeNbHUX Memanié nos'azane 3i 3HAUHUM €KOJIOZIMHUM 30UMKOM.
Bi6m. 40, Tabmn. 5, puc. 6.

Kniouoei cnoea: BiALEeHTPOBI HACOCH, ACHHXPOHHI €JICKTPOJABUIYHH, CHHXPOHHI €JICKTPOABHIYHH 3 INPSIMHM HYCKOM i
NOCTIfHUMM MArHiTaAMH, KJIAC eHeproeeKTUBHOCTI, KoedilicHT KOPUCHOI Aii, Apoce/IbHE Pery/1l0BaHH.

Henv. Cpagnumenvuolii ananus IHep2onompedIenus 1eKmpooguzameneii pazHvlX Munog u Kiaccos snep203gpexmusnocmu 6
INIEKMPONRPUBOOE YEeHMPOOEIHCHO20 HACOCA MOUWHOCHBIO 2,2 KBm cucmembl 6000CHaAdICEHUA ¢ OPOCCEIbHBIM PECYIUPOBAHUEM.
Cpasnuganuco CUHXPOHHbBlE INEKMPOOBU2AMENU C NPAMBIM NYCKOM U NOCMOAHHbIMU MAZHUMAMU HA pOmope Kiacca
InepzoIppexmusenocmu IE4 u acunxponnsie rnekmpooguzamenu knaccoe HepzoIpgpexmusnocmu IE4 u IE3 paznuunvix
npouszeooumeneii. Memoouka. Pacuem nepzonompebnenus npoeoouncsa Ha OCHOGE OAHHBIX HAcOca U IleKmpoosuzameneil,
npeodoCcmagnAeMbiX NPOU3BOOUMENAMU, U GKIIOUATL 8 CEOA PACUEem IHEPZONOMPEONIEHUA UEHMPODEHCHBIM HACOCOM 6 MUNOGOM
pabouem uuxne, npednonazarouiem padomy ¢ NOHUINICCHHBIMU HAZPY3KAMU € MedeHue npoooJIHCUMETIbHO20 6PEMEHU.
Pesynomam. Ilonyuenvt pacuemnvie OaHHble NO CYMOYHOMY U  200060My IHEP2ONOMPEONIEHUIO  PACCMOMPEHHBIX
IneKmpoosuzamesieil 6 MUNOGOM padouem YUKIe HACOCA, 200064 CHOUMOCb ITEKMPOIHEPZUU UCX00A U3 CPEOHEe6PONeIiCKOZ0
mapuga, IKOHOMUA € OCHENHCHOM GLIPANCEHUU OMHOCUMETLHO HAUXYOULE20 I/IeKMPOOGU2AMENs U3 PACCMOMPEHHDIX.
Ilpakmuueckoe 3nauenue. Ilokazano, umo evi60op Inekmpoosuzamena no KII/I npu nomunanvnoil nazpyske, mo ecmbo
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axkmuuecku na ocnoee npuceoennozo 6 coomeemcmeuu co cmanoapmom IEC 60034-30-1 knacca snepzorgppekmusnocmu IE,
He npueooum K MUHUMAILHOMY IHEP2ONOMPEDTIEHUIO UEHMPODEICHO20 HACOCHOZ0 AZpe2ama ¢ nepemMeHHOll nooa4eil 6 meueHue
munoeozo padouezo yukna. Taxkyce nokazano, ¥mo npuMeHeHue 8 HACOCHBIX AZPE2AmMax ¢ NEPEMeHHbIM PACX000M CUHXPOHHBIX
IneKkmpoosuzameneil ¢ NPAMbIM NYCKOM U ROCMOAHHbIMU MazHumamu knacca IE4 ¢ pade ciyuaes npueodum Kk 6onvuiemy
IHepzonompedIeHur, uem npumMeHeHue ACUHXPOHHBIX IneKkmpoosuzameneii knacca IE4, a unozoa u knacca IE3. Takum
obpazom, npu evibope Knacca IHep2oIPgexmugnocmu INeKmpooguzamenn KaxK Oaa HACOCHO20 azpezamd, maxK u 0ns n1i060zo
0pyz020 Mmexanuzma, padomaiowiezo 3HAYUMEIbHOE 6PeMA NPU NOHUNCEHHLIX HAZPY3KAX, cledyem RpoeoOumd pacuem
IHepzonompednenus Ha OCHOBAHUU OAHHBLIX O MUNOGOM pPAboUeM UWUKIe aAubo rKcnepumenmanvhwvlx oannvix. IIpu rsmom
cyuiecmeyromuii.  n00X00, OCHOGAHHBII Ha onpedeienuu unoekca Inepzemuueckoi Ipgpexkmusenocmu EEI, ne oaem
ungopmayuu 06 IKOHOMUU INEKMPOIHEP2UU 6 HAMYPATILHOM U CHOUMOCIHOM BbIPANCEHUAX, 6 OMAUYUE OM ONUCAHHO20 6
pabome nooxooa. Ilpu evibope Inekmpooguzamena no RNPUHYuUny Oelcmeus caedyem  yuuUmvléamov HOMUMO
IHEP2ONOmMpPedIeHUA, MO, YMO CUHXPOHHBIE IJIEKMPOOGUSAMENU C NOCHOAHHBIMU MAZHUMAMU UMEIOM OOTbULYI0 CHIOUMOCHLY,
Yem ACUHXPOHHbIE INIEKMPOOGUZAMENU, UMEIOMCA MPYOHOCHMU UX 3ANYCKA NPU 3HAYUMEILHOM MOMEHme UHepyuu, a
nolyueHue MAzHUMOE U3 PeOKO3EMENbHLIX MEMAN08 CONPANCEHO CO 3HAUUMENbHBIM IKON02udeckum yuiepoom. buodn. 40,
Tabmn. 5, puc. 6.

Kniouesvie crosa: meHTpoOe:KHBIE HACOCHI, ACHHXPOHHBIE 3JeKTPOJABHTATEH, CHHXPOHHBIE JJIeKTPOABHIATE]H C NMPSIMBIM
IYCKOM H NOCTOSHHBIMH MATrHHTaMH, KJAacC 3Heprodgp@eKTUBHOCTH, KOIQ(HUIHEHT I0JIE3HOr0 JeHCTBUs, JPOCCeIbHOe

peryJiMpoBaHue.

Introduction. The widely known advantages of
variable frequency drives (VFDs) are high efficiency and
high dynamic and static characteristics, such as stiffness,
control range, and the accuracy of maintaining adjustable
values.

However, the proportion of variable frequency
drives according to the European Commission [1] for
Germany was about 30 %, and for Switzerland according
to the study described in [2] was about 20 %.

Thus, in many applications, electric motors powered
directly from the electrical network are widely used.

In particular, such common mechanisms as
centrifugal pumps, compressors and fans do not require a
wide range of regulation, high starting torque and speed.
Therefore, asynchronous electric motors (IMs), operating
directly from the network, are widely used in the drives of
the mentioned turbo-mechanisms. A number of
manufacturers also propose the use of line-start
permanent magnet synchronous motor (LSPMSMs) of
high energy efficiency class, powered directly from the
network. In this case, the pump performance is regulated
by means of valves (throttle control), by means of a
controlled change in the characteristics of the hydraulic
network.

According to the International Energy Agency [3],
electric motors consume 46 % of the electricity generated
in the world. They account for about 70 % of total
industrial electricity consumption. According to the report
of the European Commission [3], pumping systems
account for almost 22 % of the energy supplied by electric
motors in the world, as shown in Fig. 1. Therefore, the
study of the possibilities of increasing the energy
efficiency of pumping units is an urgent task.

Improving the energy efficiency of the pumping unit
is possible due to changes in the hydraulic network for
which the unit is operating, the use of control systems,
including VFD, load optimization and distribution (in the
case of parallel-running units), as well as due to the
proper selection of the unit's components, in particular the
use of electric motors more high class energy efficiency
[4]. The last mentioned method is studied in this paper, as
the most relevant for pumps with throttle control.

The minimum level of energy efficiency of electric
motors is defined in Appendix I to [5]. Energy efficiency

classes are based on the values specified in [6]. In
accordance with the EU regulation [5] since January 1,
2017, all electric motors with power from 0.75 to 375 kW
must have an energy efficiency class of at least IE3 or
IE2, if they are used as part of the VFD. Until 2030,
according to Policy Option 4 [7], one should expect the
introduction of the minimum acceptable energy efficiency
class not lower than IE4.

Fans 16 % Air
- compressors
18 %

Cooling
compressors
7%

Pumps 22 %

\

Other 35 %

Conveyors 2 %

Fig. 1. Power consumption for various applications

The classification of electric motors in [5, 6] is
based only on efficiency in the nominal operating mode,
that is, at rated power on the shaft, but does not take into
account the efficiency of electric motors at partial load,
which is typical for electric motors in pumping units [8].

In practice, most of the time centrifugal pumping
units are operated at low or medium loads which occurs
due to changes in the number of people in buildings
and/or atmospheric conditions, while the pumps are
designed to satisfy maximum loads [9]. In [10], it was
estimated that 75 % of centrifugal pumping units have an
overestimated power, many of them more than 20 %. In
[11] it was estimated that only 20 % of electric motors in
pumps operate at rated power.

The publications [12, 13] compare the energy
consumption of the pumping unit with electric motors of
different types and classes IE with VFD, since frequency
regulation achieves significant energy savings, especially
under low loads. Nevertheless, in view of the mass
application of unregulated electric drives that has been
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preserved in many industries, a number of works compare
the characteristics of electric motors that operate directly
from the network. For example, in the paper [14], a
comparative analysis of the energy efficiency class IE3
IM and LSPMSM as a part of the fan in start-up and in
steady-state modes was carried out. This analysis showed
that the efficiency and power factor of LSPMSM are
significantly higher than that of IM. However, the
analysis was carried out for nominal load conditions. The
paper [15] discusses the operation of LSPMSM as part of
the pumping unit. The characteristics of the proposed
design of the electric motor are compared with the
simulation results in the nominal mode of the pumping
unit under start-up conditions with high moment of
inertia. In paper [16], the design and the characteristics of
the steady-state and transient modes of operation of the
IM and LSPMSM with power of 2.2 kW in the nominal
mode and at idle are considered. For the operating mode
with rated power, an indicator of annual cost savings is
determined in the case of using LSPMSM.

One of the main conclusions of publications [13-16]
is the advantage of LSPMSM over IM in such parameters
as efficiency and power factor. Note, however, that in
these publications, the comparison of IM and LSPMSM
was carried out mainly for operating modes with a
nominal load. This paper discusses the modes of
operation of IM and LSPMSM as part of a pumping unit
with variable load, depending on water consumption, for
example, in a large building. The work calculates the
energy consumption of electric drives at loads different
from the rated load of the electric motor, and the obtained
data are compared to assess the energy saving potential of
electric motors of energy efficiency classes IE3 and IE4.

Due to the fact that the energy efficiency class IE of
the electric motor is assigned according to efficiency in
nominal mode in accordance with IEC 60034-30-1 [6],
but in HVAC (Heating, Ventilation, & Air Conditioning)
applications an electric motor in this mode works only a
small fraction of the time, the main goal of this paper is to
determine the criterion for choosing electric motors under
the condition of minimum energy consumption, taking
into account the actual operating conditions of centrifugal
pumping units.

Characteristics of the pumping unit and electric
motors. The drive of the pumping unit with one electric
motor, powered directly from the electric network, is
shown in Fig. 2 [8]. It consists of a centrifugal pump,
which is connected to an electric motor without
intermediate mechanical gears.

Eplnss. pump

n, T

Hydraulic

Network
system

Pumping unit

Fig. 2. Diagram of an unregulated pumping unit

The active power P; consumed by the drive is
converted by the electric motor into the mechanical power

P Power Py, s less than Py by the value of losses in
the electric motor [8]:

Pmech = Pl - Z:})lossm» (1)
where P m are the total losses of the electric motor.

The mechanical power of the electric motor P 18
transmitted to the pump and, therefore, in the absence of
intermediate mechanical gears, is equal to the input
mechanical power of the pump. In the pump, the
mechanical power P is converted to the hydraulic
power Ppyq. The difference between Ppeen and Phyq, is the
value of the total losses XPjqss pump int the pump [8]:

Phydr = Pmech - ZPloss4pump~ (2)

The hydraulic power is determined by the flow rate
Q and the pump head Hyymp. The pump head depends on
the flow rate in accordance with the O—H characteristic of
the pump at a given pump rotation speed n. Therefore, the
required electric power P1 depends on the flow rate O [8]:

Pl = ngHpump + z"})loss.pump + 2})lossAm:v (3)
where p is the fluid density, g is the acceleration of
gravity.

To compare the energy consumption of the electric
motors of the pumping unit when regulating the flow rate
using a valve, the centrifugal pump NM4 40/25B
(manufactured by Calpeda) with power of 2.2 kW and
rated rotation speed n = 1450 rpm was considered [17].
Pump data are given in Table 1, where QOggp is the flow
rate at the best efficient point (BEP), Hggp is the pressure
at BEP.

Table 1
Passport characteristics of the pump [17]
Parameter Value
Type NM4 40/25B
P, W 2200
n, rpm 1450
Oggp, m*/h 19
Hpggp, m 17.8
Efficiency, % 60

The calculation was carried out for 8§ different 4-pole
electric motors with power of 2.2 kW, namely: three IE4
class LSPMSMs powered from the network (Bharat
Bijlee SynchroVERT [18], WEG [19], SEW-Eurodrive
[20]), two class IE4 IMs (Siemens [21] and WEG [22])
and three class IE3 IMs (Siemens [21], WEG [23] and
ABB [24]). Data on the value of the efficiency of electric
motors are given in Table 2.

Table 2
Efficiency of 4-pole electric motors of power of 2.2 kW [18-24]

m Type Class Efficiency, % at load, %
P 50% | 75% | 100%
LSPMSM
1 SEW DRU J 1E4 88.0 90.5 91.2
LSPMSM
2 SynchroVERT 1IE4 88.6 89.4 89.5
LSPMSM
3 WEG WQuattro 1E4 86.0 89.0 90.2
M
4 Siemens 1LE1004 1E4 88.3 89.6 89.5
5 |IM WEG W22 1E4 88.5 89.5 89.5
M
6 Siemens 1LE1003 1E3 86.4 87.3 86.7
7 (IM WEG W21 1E3 86.5 87.0 87.0
8 |IM ABB M3BP 1E3 85.1 86.9 86.7
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Assessment of energy consumption of the
pumping unit. The operation of the pumping unit is
considered in modes where the water flow rate during
the cycle of the pumping unit varies, in accordance with
the hydraulic load characteristic of HVAC applications.
A typical pump operation cycle (Fig. 3), defined by EU
regulation [25], is divided into 4 modes. A feature of the
cycle is that most of the time the pump operates at a
flow rate much less than the nominal. For example, with
a flow rate of 25 % of the nominal, the pump operates
during the relative time #;/ty = 44 %, where s is the total
operating time, taken equal to 24 hours, ¢ is the pump
operation time in this mode. Here, the relative operating
time in the nominal mode does not exceed 6 %. This
load profile is typical for pumping systems with the need
to vary the flow rate over a wide range (systems with
variable flow rate) [6].

100 T T T T T T T T T T T T T
Qo T
80 T
7o b
60 T

50 T

40 b
30 T
201 T
10F 6

. Ml

0 5 WD 15 20 25 3D 35 40 45 50 55 SD 55 TD 75 ﬁD 85 OD 95 100

Q, %

Fig. 3. Time dependence of water flow rate per cycle

Operation time, %

The electric motor is directly connected to the
network, that is, the motor speed is not controlled by the
frequency converter during the cycle, and the pump flow
rate Q is controlled by the valve. The water pressure in
this case changes in accordance with the O—H curve of
the pump, and the operating point is the intersection
point of the pump characteristic and the hydraulic
system characteristic. Figure 4 shows the results of the
(Q-H characteristic interpolation for the selected pump
and the starting points according to the manufacturer
[17], as well as the pump power in the operating range
of flow rates.

The pump power curve as a function of flow rate is
given by the pump manufacturer (Fig. 4). According to
this curve, the pump power was determined in 4 standard
operating modes (25 %, 50 %, 75 %, 100 % of the flow
rate). A flow rate corresponding to 100 % was determined
from the pump efficiency curve [17] as corresponding to
the maximum efficiency. Based on the known passport
values of the efficiency of electric motors (Table 2), by
means of polynomial interpolation of the loss curve
2Pism Of each electric motor, the efficiency values for
four operating modes of the pumping unit were
determined. As shown in [27], the dependence of the
electric motor losses on the load is well described by a
second-order polynomial, whose coefficients can be

easily obtained from 3 points of the initial data on the
efficiency of electric motors.

25— T — T T
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Fig. 4. O-H — pump characteristic and power versus flow rate
dependence

The obtained values of the efficiency for each
electric motor 7,;,, are given in Table 3 which also
indicates for each operating mode: flow rate, pump
pressure, pump power, electric motor output power as a
percentage of the nominal.

Active electric power consumed from the network in
each mode was calculated according to expression (4)

Pl.im = Pmech.i.m / Mm.i.ms (4)
TIe 7Jm.m 1S the efficiency of the m-th electric motor in the
i-th mode of operation.

The calculation results are given in Table 4.

The daily energy consumption of each electric motor
(kW-h) for the full cycle of the pumping unit in
accordance with the considered load profile is determined
by the expression

E Bttt 5
dm = 1000 Z( Lim 2) ( )

At year-round operatlon of the pump unit, the annual
energy consumption can be calculated as:
Ey.m = Edm365 (6)
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Table 3 Table 5
Interpolated motor efficiency values Cost characteristics of power consumption
i 1 2 3 4 Eq E C S,
Type . m> y.m» y.m> y.m»
05, % 25 | 50 | 75 | 100 kwh | kwh € €
> m’/h 4.75
9 2.0 | 14.25 | 19.00 EE%MSIEAU 7 29.1 | 10635 | 2113.1 73.8
Hpump.i» m 214 21.0 20.2 17.8
Pmec R} W 851
L 1116 | 1361 | 1573 éSPl\}i[SD\/;ERT 289 | 10535 | 2093.3 93.6
Prneenir %o 3871507 | 619 | 715 ynehro
Efficiency 7w, im, % LSPMSM
- : 5 3 ., WEG WQuattro 29.8 | 10882 | 2162.3 24.6
LSPMSM
85.5| 88.1 | 89.5 | 90.3 M
SEW DRU J Siemens 1LE1004 29 10585 | 2103.1 83.8
LSPMSM SynchroVERT 87.7| 88.6 | 89.1 | 89.3
LSPMSM 233 561 | 578 | 837 IM WEG W22 29.1 10630 | 2112.1 74.8
LU Rt : : : : M 29.6 0822 | 2150.3 36.6
IM Siemens 1LE1003 ot 30- '
Siemens 1LE1004 86.7 | 88.4 | 89.2 | 89.5
M IM ABB M3BP 30.2 11006 | 2186.9 0
Siemens 1LE1003 8491 86.5 | 87.1 | 87.3
IM WEG W2l 84.8| 86.3 | 869 | 872 The graph in Fig. 5 shows that the electric motor
IM ABB M3BP 82.7| 852 | 86.3 | 86.8 No. 3 — LSPMSM of class IE4 in the cycle under

The cost of electricity consumed (Euro) taking into
account the adopted average European electricity tariff
GT = 0.1149 €/kW-h for non-household consumers in the
second half of 2018 [28], is calculated as

Cym=EywGT. (7

To compare the energy consumption and the cost of
electricity consumed by pumping units with various
electric motors, the expression (8) were used to calculate
the differences in the cost of electricity relative to the
pumping unit with the electric motor with the highest

energy consumption at the considered load profile (motor
No. 8 of IE3 class manufactured by ABB)

Sy.m = Cy.S - Cy(lﬂ), ¥

The results of calculations by formulas (4)-(8) are
summarized in Table 4, 5, and are also shown in Fig. 5, 6.

Table 4

Power consumption P ; ., W
i 1 2 3 4
LSPMSM
SEW DRU J 996.2 | 1266.1 | 1520.3 | 1742.3
LSPMSM Synchro-
VERT 971.3 | 1258.6 | 1527.4 | 1760.8
LSPMSM
WEG WQuattro 1022.6 | 1295.2 | 1550.9 | 1773.1
IM Siemens 1LE1004 982.2 | 1262 |1526.3 |1757.5
IM WEG
W22 992.9 | 1264.8 | 1524.4 | 1753.8
IM Siemens 1LE1003 1003.1 | 1289.9 | 1562.5 | 1802.5
IM WEG W21 1004.4 | 1293.1 | 1566 1805
IM ABB M3BP 1029.4 | 1309.4 | 1576.4 | 1812.2

consideration, which is typical for pumps with variable
flow rate, consumes more electricity than IMs of class 1E3
No. 6 and No. 7, but less than the class IE3 IM No. 8. So,
according to Fig. 6, this IE4 class electric motor provides
lower cost savings than IE3 class electric motors No. 6
and No. 7. LSPMSMs No. 1 and No. 2 have energy
consumption indicators that approximately coincide with
class IE4 IMs No. 4 and No. 5. The smallest energy
consumption has electric motor No. 2 — LSPMSM
SynchroVERT, and the largest — electric motor No. 8, the
IM AB.
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Fig. 5. Annual energy consumption:

1 — LSPMSM IE4 SEW DRU J; 2 — LSPMSM IE4 Synchrovert;
3 — LSPMSM IE4 Weg WQuattro; 4 — IM IE4 Siemens
1ILE1004; 5 — IM 1IE4 Weg W22; 6 — IM IE3 Siemens 1LE1003;
7-IM IE3 Weg W21; 8 — IM IE3 ABB M3BP
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Fig. 6. Saving energy costs relative to electric motor No. 8:

1 —LSPMSM IE4 SEW DRU J; 2 - LSPMSM IE4 Synchrovert;
3 — LSPMSM IE4 Weg WQuattro; 4 — IM IE4 Siemens
1LE1004; 5 — IM IE4 Weg W22; 6 — IM IE3 Siemens 1LE1003;
7—-IM IE3 Weg W21; 8 — IM IE3 ABB M3BP

The results shown in Fig. 5, 6 are the consequence of
the fact that according to the adopted standard [6], electric
motors are classified according to energy consumption in
accordance with the value of efficiency in the nominal
mode of operation, at a load equal to 100 %. However, in
pumping units, electric motors operate for a significant
part of the time at a load 2...4 times less than the nominal
and as a result have a reduced efficiency. Here, the
existing standards do not establish the minimum values of
the efficiency of electric motors powered directly from
the network at loads below nominal.

Thus, the selection of an electric motor based on its
energy efficiency class IE, in a number of applications,
such as variable flow rate pumps, will not lead to
minimum energy consumption. Note that for frequency-
controlled electric motors, the IEC 60034-30-2 Standard
[29] defines the efficiency values in seven load modes
different from the nominal one. In the draft version of
IEC 60034-30-2 [30], it was proposed for frequency-
controlled electric motors of pumps and fans (drives
with a quadratic dependence of the load on speed)
to calculate the total efficiency as an average weighted
average indicator of efficiency at reduced speeds
and loads.

Therefore, when choosing an electric motor for a
pumping unit operating with a variable flow rate, you can
not be guided only by the energy efficiency class IE and
the nominal value of the efficiency, but it is worthwhile to
calculate the energy consumption depending on the
operating modes or focus on the energy efficiency index
of the pumping unit (see below).

It is worth noting that LSPMSMs have a higher cost
than IMs (especially IE3 class), due to the presence of
expensive rare-earth magnets in the design. Production of
magnets from rare-earth metals is associated with
significant environmental damage, for example in [31] it
is indicated that the production of each ton of material for
rare-earth magnets is associated with the generation of

1-1.4 tons of radioactive waste. Only a small part of these
wastes contains rare-earth elements and is further
processed to extract them [31]. There is also technological
dependence on rare-earth suppliers from China, since
more than 95 % of the global production of rare earth
elements is controlled by China [32]. Due to the
monopoly of China, the prices of rare-earth elements
are unstable and can change several times over several
years [33].

We also note the difficulties of starting LSPMSMs at
significant moment of inertia of the load, which
significantly limits their scope. A review of modern
papers on LSPMSMs [34-37] shows that the maximum
load inertia moment for such electric motors is relatively
small and insufficient to start and reach rated speed, for
example, for a turbo-mechanism with a steel impeller.
These electric motors are not able to start with many
typical mechanisms, such as: reciprocating compressors,
screw compressors, plunger pumps, conveyors, escalators,
etc. [34-37].

According to the results of comparing LSPMSMs
and IMs classes IE3 and IE4, described in [38]
LSPMSMs show a higher peak value of the starting
current, which can cause the operation of typical circuit
breakers. Inrush currents can cause unwanted switches off
and can damage contactors, fuses and protective devices,
such as circuit breakers or switchgears [38]. In this case,
starting with star-delta switching or using electronic soft
starters is not recommended or not possible for
LSPMSMs [38]. Also, LSPMSMs are much more
sensitive to voltage drop [38] and more sensitive to phase
asymmetry [38].

Taking into account the above-mentioned drawbacks
of LSPMSMs, it is more justified at the present time to
use in applications with a variable load, which is very
different from the nominal mode, of IMs class of IE4, and
not LSPMSMs.

Calculation and assessment of the energy
efficiency index of the pumping unit in accordance
with existing standards. The energy efficiency of
circulation pumps operating primarily with variable flow
rate is evaluated in accordance with EU regulations [25].
In this document, the profile indicated in Fig. 3,
according to which the above calculations were carried
out is accepted as a typical pump load profile.
According to [8], the energy efficiency index (EEI) is
well established for evaluating the energy efficiency of
circulation pumps and is now proposed for other pump
applications.

That is, EEI is the most suitable indicator for
assessing the energy efficiency of variable-flow pump
systems for various purposes, in contrast to the minimum
efficiency index (MEI), which is defined in [39] and is
based on efficiency values in a relatively limited range of
operating points (75...110 % flow rates) [8].

According to the approach of the Europump
association [26, p. 12] and [40] EEI is defined by:

EEI = Pl.avg /Pl.ref~a (9)

where P, is the weighted average value of the electric
power consumed by the pump, which is determined by the
following expression [25]:
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Pl.avg ZZ[(ti/tZ)'Pl.i]'

i=1

(10)

The denominator in the expression (9) Pj.¢ is the
electric power of the «reference» system, which according
to [26, 40] is determined by the expression

Pl.ref = Phydr.ref /( Tmotor.ref * ﬂpulnpmin.req)' (1 1)

In both expressions, Phyarrr is the hydraulic power of
the reference system, which is defined as the product of
the flow rate Opgp (m*/s) and pressure Hggp (Pa): in this
case, Phydrrer = 921.6 W.

In expression (11) 7yoworrer 1S the efficiency of the
reference electric motor, which was taken equal to the
efficiency of a 4-pole electric motor with power of
2.2 kW energy efficiency class IE3 according to [6]
(Mmotor.ref = 86.7 %0); Mpump.min.req 1 the minimum required
efficiency of the reference pump at the best efficient point
[39], depending on the tabular coefficient C, determined
by the type of pump, the rated rotation speed of the pump
n and its energy efficiency, flow rate QOggp and specific
rotation speed n;, in turn dependent on Hggp and n.
A detailed calculation of 7pump.minreq 1S NOt given in this
paper, the calculation result: 7pump.min.req = 50.66 %.

According to formula (11), the value of Pj.f =
=2098.23 W in this case.

The calculation results for expressions (9)-(11) are
given in Table 6.

Table 6 shows that the EEI values for the pumping
unit with various electric motors correspond to the
patterns shown in Fig. 5, 6. Thus, EEI characterizes the
energy consumption of the pumping unit more objectively
than the energy efficiency class of the electric motor (IE),
which depends only on the efficiency in the nominal
mode.

Table 6

Energy efficiency index determination for pumping system
m Type Plae W EEI

1 |LSPMSM SEW DRUJ 1214.0 0.5786
2 |LSPMSM SynchroVERT 1202.6 0.5732
3 |LSPMSM WEG WQuattro 1242.3 0.5921
4 |IM Siemens 1LE1004 1208.3 0.5759
5 |IM WEG W22 1213.4 0.5784
6 |IM Siemens 1LE1003 1235.4 0.5888
7 |IM WEG W21 1237.7 0.5899
8 |IM ABB M3BP 1256.4 0.5988

Note that for circulation pumps, which are the
subject of EU regulations [25], since 2005 there is a
voluntary labeling of products by members of the
Europump association using the letters 4...G of the energy
efficiency class. It seems relevant to introduce such
labeling for industrial pumping units operating at variable
flow rates.

Conclusions.

A comparative analysis of the energy consumption
of electric motors of various types (LSPMSMs and IMs)

and energy efficiency class (IE3 and IE4) as a part of a
2.2 kW variable-flow pumping unit with throttle
regulation is carried out in the work. The approach used
to compare the energy characteristics of electric motors is
described, including the calculation of the energy
consumption of the pumping unit in a typical operation
cycle with various process loads. Electric power, energy
consumption and cost savings for 8 electric motors have
been calculated.

Using the results of the calculation according to the
described method, based on the passport data of electric
motors and pumps, it has been shown that the use of an
electric motor with high efficiency at rated load (high
energy efficiency class according to [6]) does not always
provide the minimum power consumption in a variable
speed pump unit’s operation cycle.

It is noted in the paper that it is possible to select the
best electric motor according to a technique based on the
determination of the energy efficiency index EEI [26],
since the mode of operation of the pumping unit is also
taken into account in its calculation. However, the
calculated value of EEI does not provide information on
energy savings in physical and cost terms, in contrast to
the approach described in the work.

It is also shown in the paper that the considered
LSPMSMs of IE4 class do not have significant
advantages over IMs of IE4 class, and sometimes also
of IE3 class, if used in pumping units with variable
flow rate.
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