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Abstrakt

Vykonové Cerpaci a ventildtorové systémy se radi mezi nejvyznamnéjsi spotrebice elektrické energie.
Vlivem vyvoje vykonové elektroniky a frekvencnich ménicl skytaji tyto systémy vyznamny potencial
pro optimalizaci spotreby elektrické energie plynouci z aplikace energetické Ucinné otackové regu-
lace na misto ztratovych, stale vyuzivanych, zejména pasivnich metod regulace pritoku. Mezi hlavni
dlvody, které doposud brani masivnimu prosazeni vykonové elektroniky ve stavajicich i novych in-
stalacich, patfi zejména narocnost spolehlivého technického a ekonomického zhodnoceni pfinosu,
respektive exaktniho vyjadreni ndkladd za dobu Zivotnosti celého aplikaéniho fetézce. Z toho dlvodu
je tato prace zamérena praveé na vyvoj uceleného souboru matematickych modeld, metodiky a soft-
warovych nastrojd pro zejména technické zhodnoceni a optimalizaci fizeni a energetické Ucinnosti
téchto systém s dlirazem na praktickou vyuZitelnost vysledkd prace v realnych aplikacich.

Uvodni ¢ast prace je vénovana motivaci vyzkumu a vyvoje, cildm prace a shrnuti aktualniho
stavu poznaniv fesené problematice. Druha ¢ast je zamérena na optimalizaci hydraulickych systémd
s jednim Cerpadlem. Je pfedstaven komplexni soubor matematickych modell pro feseni aplikac¢niho
fetézce pocinaje modely hydraulického systému a Cerpadla véetné souboru metod regulaci pritoku
pfes pohon az po vstupni napdjeci transformator. Treti ¢ast pokracuje pneumatickymi systémy s jed-
nim ventiladtorem. Je popsan matematicky model pneumatického systému a ventilatoru uvazujici pro-
meénnou hustotu média. Déle jsou predstaveny modely technik regulaci pratoku jak pro radidlni, tak
pro axidlni ventilatory. Ddraz byl kladen na striktni vyuZiti standardné dostupnych dat (tj. bez vyuziti
laboratornich méreni). Z toho dlvodu byly vyvinuty speciadlni aproximacni techniky a metodika pro
odhad energetické spotfeby systému mimo jmenovité provozni stavy, které jsou casto jako jediné k
dispozici. Navrzené matematické modely byly nasledné implementovany do softwarovych ndstrojd
pro optimalizaci energetické ucinnosti hydraulickych a pneumatickych aplikaci — MVD Pump Save
2012 a MVD Fan Save 2012. Vyvinuty software, matematické modely i metodika byly nasledné veri-
fikovany na pfipadovych studiich. Soucasti prace jsou i typizované vykonnostni kfivky jednotlivych
komponent aplikacniho retézce. Posledni ¢ast je vénovana optimalni strategii regulace pritoku pro
Cerpaci aplikace s Cerpadly pracujicimi paralelné do spole¢ného hydraulického systému. Je predsta-
ven navrzeny algoritmus a metodika pro feseni optimainiho prerozdéleni pritoku cerpadly z pohledu
celkové energetické Ucinnosti. Pro obecné feseni optimaliza¢ni Ulohy v nelinedrnim multidimenzio-
nalnim prostoru bylo zvoleno numerické feseni hrubou silou. Pro Ulohy s omezenymi stupni volnosti
pak bylo odvozeno zjednodusené feseni, které vyrazné snizuje vypocetni narocnost algoritmu pro
specialni pfipady. Vysledky algoritmu jsou detailné graficky prezentovény na vypracovanych pfipa-
dovych studiich. Na zdkladé vychozich pfipadovych studii byla dale zpracovdna analyza vlivu statické
slozky tlaku hydraulického systému a prezentace vlivu variabilniho vykonového sloZeni skupiny Cer-
padel na optimalni strategii regulace pritoku. Na zavér prace jsou shrnuty hlavni pfinosy prace a
perspektivni sméry dalsiho vyzkumu.

Hlavnimi pfinosy prace jsou zejména vyvinuté expertni systémy pro navrh optimalniho pohonu
a fizenf vykonovych cCerpacich a ventilatorovych aplikaci a navrh algoritmu pro optimalni fizeni pra-

toku paralelnich cerpadel pracujicich do spolec¢ného hydraulického sytému.



Abstract

The high-power pump and fan applications are among the main electricity appliances in a worldwide
scale. Concurrently, these applications have a very significant energy-saving potential arising espe-
cially from development of high-power electronics and/or frequency converters enabling energy ef-
ficient flow control. One of the major barriers, preventing massive redesign of existing installations
and use of the energy-saving potential in new applications, is the complexity of precise technical and
economical evaluation of the lifetime energy savings and energy consumption of the entire applica-
tion chain. Hence, the thesis has focused on a development of a complex set of mathematical mod-
els, methodology and software tools for especially technical evaluation and energy efficiency opti-
mization of these systems with impact to practical usability of the results in real systems.

The introductory part of the work is dedicated to the state of the art, research motivation and
objectives of the work. In the second part, the attention is paid to single pump systems. It is pre-
sented a set of mathematical models for a detailed evaluation of the application chain, beginning
from models of hydraulic system and pump including collection of flow controls methods over drive
part to power supply transformer. The third part deals with single fan systems. It describes mathe-
matical models of pneumatic system and fan considering compressible medium. The most common
flow control techniques for both radial and axial fans are also included. The impact has been put on
to use strictly just commonly available data (i.e. non-laboratory measurements). Therefore, special
approximation techniques and methodology has been developed to be able to estimate a system
behavior out of the nominal operating state, which is commonly the only one specified. Finally, there
have been developed sophisticated software tools for energy efficiency optimization of single pump
and fan applications — MVD Pump Save 2012 and MVD Fan Save 2012. The performance of devel-
oped mathematical models, methodology and software tools is widely presented on evaluated case
studies. A typical performance curves for application components has been also included as a refer-
enced one to provide a complex set of relevant data for poorly specified case studies.

The last section of the thesis is dedicated to optimal control strategy of multiple pumps oper-
ating in parallel into common hydraulic system. It is presented the proposed algorithm and/or meth-
odology for generation of an optimal control strategy of these systems. The presented algorithm is
based on numerical optimization method using brute force approach, which enabled to solve the
non-linear multidimensional optimization task. A special solution, which significantly speed-up the
calculation process, for the cases of restricted space of freedom is also presented. The performance
of the algorithm has been in detailed graphically presented on elaborated case studies. Additionally,
the influence of a static head of a hydraulic system and the effect of variable sizing of pump in a
pump group on an optimal control strategy have been presented.

In the conclusion, it is summarized the main contributions of the work and the very last part
presents the challenges for future research.

The main contribution of this thesis is the development of the expert systems allowing optimal
control design of high power pump and fan applications and proposed approach for optimal group

control design of parallel pumps working into common hydraulic system.



Kurzfassung der Dissertation

Weltweit gehdren Hochleistungspumpen und -lifter zu Hochstromanwendungen mit groRem Ener-
giesparpotenzial. Die Nutzung dieser Energiesparpotenziale ist vor allem durch die Entwicklung von
Hochleistungselektronik respektive Frequenzumrichtern moglich, wobei gleichzeitig eine energieef-
fiziente Durchsatz- und Flusskontrolle realisiert werden kann. Bei Anwendung solcher Frequenzum-
richter soll andererseits eine massive Umgestaltung bestehender Anlagen verhindert werden. Gene-
rell ist bei Nutzung der Energiesparpotenziale sowohl in bestehenden, als auch in neuen Anlagen die
Komplexitat der genauen technischen und wirtschaftlichen Bewertung der Lebensdauer, die Ener-
gieeinsparung und der Energieverbrauch der gesamten Anwendungskette zu beachten. Daher ist die
vorliegende Arbeit der Entwicklung von mathematischen Modellen, Methoden und Software-Werk-
zeugen fir eine technische Bewertung und Optimierung der Energieeffizienz von solchen Systemen
gewidmet. AulRerdem werden Auswirkungen auf die praktische Verwendbarkeit der erreichten Er-
gebnisse in realen Systemen betrachtet.

Im einleitenden Teil der Arbeit werden der Stand der Technik, der Forschung sowie Motiva-
tion und Ziele der Arbeit beschrieben. Der zweiter Teil ist der Anwendung von Einzelpumpenanlage-
widmet. Dabei werden mathematische Modelle fir eine detaillierte Auswertung der Anwendungs-
kette angegeben, beginnend mit Modellen der Hydraulik und Pumpe bei verschiedenen Ablaufsteu-
erungen bis zu Modellen des Antriebsteiles und Transformator. Der dritte Teil befasst sich mit Ein-
zellufter -Systemen. Es werden mathematische Modelle der pneumatischen Systeme und Lifter bei
Berlicksichtigung komprimierbarer Medien beschrieben. Haufigsten Flusssteuerungstechniken fir
Radial und Axialventilatoren sind ebenfalls enthalten. Die Modelle wurden so entwickelt, dass nur
allgemein verflgbare Daten genutzt werden kénnen. Schwerpunkt sind deshalb Techniken und Me-
thoden zur Beschreibung des Systemverhaltens in der Umgebung des Nennbetriebszustands.
Schlieflich wurden ausgereifte Software-Tools entwickelt, die eine Optimierung der Energieeffizienz
von einzelnen Pumpen und Lufteranwendungen - MVD Pump Save 2012 und MVD Fan Save 2012 -
ermoglichen. Die Leistungsfahigkeit der entwickelten mathematischen Modelle, Methoden und Soft-
ware-Werkzeuge ist weitestgehend Uber evaluiert Fallstudien vorgestellt. Typische Leistungskurven
fir Anwendungskomponenten wurden auch als Referenz erarbeitet, um eine komplexe Reihe von
relevanten Daten auch fur schlecht angegebenen Fallstudien zu erhalten.

Der letzte Abschnitt der Arbeit ist der optimale Steuerstrategie von mehreren Pumpen, die
parallel in gemeinsamen Hydrauliksystemen betrieben werden, gewidmet. Es stellt dar den speziel-
len Algorithmus und / oder eine Methode zur Erzeugung eines optimalen Regelstrategie dieser Sys-
teme. Der vorgestellte Algorithmus basiert auf numerischen Optimierungsverfahren mit Brute-Force
Ansatz und ermoglicht die nicht-lineare mehrdimensionale Optimierung. Eine spezielle Lésung Be-
schleunigt dabei der Rechenprozess, wobei Falle von eingeschrankten Freiheitgraden prasentiert
werden. Die Leistung des Algorithmus wurde in detaillierten grafisch ausgearbeiteten Fallstudien
vorgestellt. Zusatzlich wurde der Einflul} einer statischen Komponente eines hydraulischen Systems
und der Wirkung der variablen Dimensionierung der Pumpe in einer Pumpengruppe auf einer opti-
malen Regelstrategie betrachtet.

Als Schlussfolgerung werden die Hauptbeitrage der Arbeit zusammengefasst und ein Aus-
blick zu Herausforderungen fir die zuklnftige Forschung angegeben.

Die Schwerpunkte dieser Arbeit sind die entwickelte Expertensysteme, die eine optimale
Kontrolle Design von Hochleistungspumpen und -lifter ermoglichen und vorgeschlagene Ansatz fur
die optimale Gruppenkontroll der parallel Pumpen, die in gemeinsamen Hydrauliksystem arbeiten.
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Nomenclature

Nomenclature

List of Symbols and Abbreviations

A area [m?]
Ce energy costs [currency]
Cinflow cash inflow [currency]
Cinvest investment costs [currency]
Coutflow cash outflow [currency]
CFC compared flow control
cosd power factor (-]
ApL pressure loss in pipe [Pa]
APt transformer power losses (kW]
APro transformer no-load power losses (kW]
D inside pipe diameter (e.g. (2.5)), impeller diameter (e.g. (2.19)) [m]
n efficiency [-]
Ncr efficiency of fan control strategy [-]
Nep efficiency of pump control strategy [-]
ne fan efficiency [-]
Ne gearbox efficiency [-]
NHC hydrodynamic coupling efficiency [-]
Nnm motor efficiency [-]
Ne pump efficiency [-]
Neop pump efficiency at operating point from operating profile [-]
Nes pump efficiency at the point of intersection of pump and system [-]
curve

Nt transformer efficiency [-]

E energy [MWh]
Ec energy consumption [MWh]
Enp pump hydraulic energy [MWh]
Ens system hydraulic energy [MWh]
Epor fan pneumatic energy [MWh]
Eps system pneumatic energy [MWh]
fom motor stator frequency [Hz]
frm motor rotor frequency (motor rotor mechanical speed) [Hz]

frm(en Electrical rotor speed of motor (fimel) = frm - Npp) [Hz]

fi friction factor [-]
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Nomenclature

List of Symbols and Abbreviations

g acceleration of gravity (9,80665 m/s?) [m/s?]
h height [m]
H head [m]
Hauxcmax head component of pump auxiliary curve for maximal flow under VSC [m]
Hauxcrmin head component of pump auxiliary curve for minimal flow under VSC [m]
He head loss in pipe [m]
Hiv head loss in valve [m]
Hp pump head [m]
Hpmaxc head of auxiliary curve of maximal flow [m]
Hpminc head of auxiliary curve of minimal flow [m]
Hs system head [m]
Hsp system discharge head [m]
Hsod system discharge dynamic (friction) head [m]
Hsps system discharge static head [m]
Hspsp system discharge surface pressure head [m]
Hss system suction head [m]
Hssd system suction dynamic (friction) head [m]
Hsss system suction static head [m]
Hsssp system suction surface pressure head [m]
Hst system total head [m]
Hsrs system total static head [m]
Hsta = Hsg  system total dynamic (friction) head [m]
Hstdo = Hsqo = system zero-flow total dynamic (friction) head [m]
Hstan = Hsan  System nominal total dynamic (friction) head [m]
Hop head of hydraulic system operating point [m]
Hopxegn equivalent of head, for head at system operating point “x” at pump [m]

nominal head-flow curve
Hes head at intersection of pump and system curve [m]
iR interest rate -]
[mM motor magnetizing current [A]
lsdm motor direct (flux) component of stator current [A]
lspm motor stator current [A]
lsqm motor quadrature (torque) component of stator current [A]
ko gas density correction coefficient [-]
Page 10



Nomenclature

List of Symbols and Abbreviations

Nsamples
Ns-orig

nvar

NPV

motor constant

number of operating points

resistance coefficient

pipe length

motor main (magnetizing) inductance
transformer per-unit load

mass

number of samples

molar mass

speed

number of moles

fan speed

pump speed at pump operating points
pump speed

motor pole-pairs

pump speed at intersection of pump and system curve
specific speed

number of samples

original dimension-less specific speed
number of variants

net present value

net positive suction head

angular speed

motor angular speed (mechanical rotor speed)
operating profile

electrical angle between voltage and current
pressure

relative load

default pressure; po = 101300 Pa

fan pressure

system pressure

system discharge surface pressure

system suction dynamic (friction) pressure

system suction static pressure

-]
-]
-]
[m]
[H]
-]
(g]
-]
[g/mole]
[rpm]
-]
[rpm]
[rpm]
[rom]
-]
[rpm]
(-]
-]
-]
-]
[currency]
[m]
[rad/s]
[rad/s]
-]

[Pa]

(-]
[Pa]

[Pa]

Page
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Nomenclatu

re

List of Symbols and Abbreviations

pSSsp
Pst=Ps
Pstd = Psd

PsTs = Pss

QAumeax

QAumein

QcStep
Qr
QFmaxC
QFminc
Qrs

QOPxeqN

system suction surface pressure

system total pressure

system total dynamic (friction) pressure
system total static pressure

power

power consumption

fan power consumption

fan power consumption at operating points according to operating
profile

motor power consumption
pump power consumption

pump power consumption at operating points according to operating
profile

hydraulic power

hydraulic power of hydraulic system
pneumatic power

fan pneumatic power

system pneumatic power

motor mechanical (shaft) power
transformer power

present value

flow — hydraulic systems
flow — pneumatic systems

flow component of pump auxiliary curve for maximal flow under VSC
flow component of fan auxiliary curve for maximal flow under VSC

flow component of pump auxiliary curve for minimal flow under VSC
flow component of pump auxiliary curve for minimal flow under VSC

flow calculation step

fan flow

flow of fan auxiliary curve of maximal flow
flow of fan auxiliary curve of minimal flow
flow at intersection of fan and system curve

“ n

equivalent of flow rate for flow rate at system operating point “x” at
pump nominal head-flow curve

equivalent of flow rate for flow rate at system operating point “x” at
fan nominal head-flow curve

[Pa]
[Pa]
[Pa]
[Pa]
(kW]
(kW]
(kW]
[kw]

[kw]
(kW]
[kw]

(kW]
(kW]
(kW]
(kW]
(kW]
(kW]
(kW]
[currency]

[m*/h]
[m?/s]

[m3/h]
[m*/s]

[m3/h]
[m?/s]

[m*/h]
[m?*/s]
[m?/s]
[m3/s]
[m?*/s]
[m?/h]

[m3/s]
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List of Symbols and Abbreviations

Qp
(anme

Qpminc

tPayBack

T
T
Tm

Trop

VSC

pump flow

flow of pump auxiliary curve of maximal flow
flow of pump auxiliary curve of minimal flow
flow at intersection of pump and system curve
total flow of pump group

system flow — hydraulic systems
system flow — pneumatic systems

density

gearbox ratio

resistance

universal gas constant (8,3144621)
transformer short circuit resistance
distance

motor slip

apparent power

motor apparent power under speed control
frequency converter apparent power
motor apparent power

transformer apparent power

time

payback period

temperature

torque

motor torque

pump torque at the operating point according to operating profile
transformer short circuit voltage
voltage or phase to phase voltage
phase to ground voltage

motor stator voltage

transformer voltage

average fluid velocity

volume

variable frequency control

variable speed control

[m?/h]
[m*/h]
[m*/h]
[m*/h]
[m?/h]

[m3/h]
[m?/s]

(ke/m?]
[-]
[Q]

[J/mol.K]
Q]
[m]

[-]
[kVA]
[kVA]
[kVA]
[kVA]
[kVA]

[s]

[years]

[Nm]
[Nm]
[Nm]
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Nomenclature

List of Symbols and Abbreviations

X reactance Q]
Xo leakage reactance [Q]
Xm main reactance [Q]
XTsc transformer short circuit reactance Q]
XTsc transformer short circuit reactance [-]
2L load impedance [Q]
ZTsc transformer short circuit impedance [-]

GENERAL INDICES — PUMPS

1 original state Qi
2 transformed state Qz
avg average
AuxC auxiliary curve
BEP Best Efficiency Point
CFC compared flow control
A different between in-state and out-state AH
eqgN equivalent to nominal value Qorieqn
FC frequency converter Nrc
G gearbox Ne
HC hydrodynamic coupling NHc
in atinlet, into the component Hin
IGV inlet guide vanes
Invest Investment
max maximal value Qop_max
min minimal value Qor_min
minC auxiliary curve for minimal flow Hpminc
M motor Nm
N nominal value Qn
op operating point Qor
sC short circuit Zrsc
VFC variable frequency control
VS variable speed
VSC variable speed control
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GENERAL INDICES — PUMPS

out at outlet, out of the component Hout

OPxegN equivalent nominal operating point for operating point “x”

pu per unit value Qpu
R referenced value NR
T transformer nr
T total value Phr
wavg weighted average Quwavg

FUNCTION DEFINITIONS

f(x) function n=Ff(Q),
H=H(Q)

fintersectlinintarrays(X1,Y1,X2,Y2)  Find intersect of two discrete curves using lin-
ear interpolation represented by four one-di-
mension arrays.

Y2 = fintLinArray(X1,Y1,X2) Find linearly interpolated value for a discrete
curve defined by two one-dimension arrays.

Y2 = fintcubArray(X1,Y1,X2) Find cubically interpolated value for a discrete
curve defined by two one-dimension arrays.

72 = fintlin20Array(X1,Y1,21,X2,Y2)  Find linearly interpolated value in 2 dimen-
sional space defined by two one-dimensional
arrays representing axis (X1,Y1) and one two
dimensional array defining z-component (Z1)
for the point defined by X2 and Y2.

Note 1 — Array, matrix, vector notation: Highlighted by bold font.

Note 2 — Scalar notation: Highlighted by italic font.

Note 3 — Matrices multiplication: Matrix multiplication is marked by symbol: “*“, matrix and array
multiplication in the meaning element by element is expressed by symbol “.*“ (Mathworks Matlab
notation).

Note 4 — Matrices division: Matrix division is marked by symbol: “/“, matrix and array division in

the meaning element by element is expressed by symbol “./“ .

Note 5 — Relation between “per-unit” and “percentage” expression: X, .. e.!”0] = X0 i [~1%100
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1 Introduction

Energy efficiency topics are discussed across different technical areas still louder. The reason is plain
enough —the world primary energy demand rises (see Fig. 1.1, [1]) despite of an effort to turn down
this tendency and world strategic energy resources are limited. Improving energy efficiency of espe-
cially high-power technologies employed by main industrial consumers can significantly influence
this negative trend. Respectively, it has significant local impact in the form of reducing operating
costs and improving competitive strength among industrial companies and global impact from envi-
ronmental point of view.

The topic of energy efficiency optimization in pump or fan applications has been discussed in
the industry area since about 1970 — see Chapter 1.2.1. However, approximately since 2000 we can
see the steeply increasing interest on energy savings in especially pumping systems. There has been
founded organizations focusing specifically on research, publishing and promotion of energy saving
potential in this area and the field of pump and fan applications become often discussed on world-
wide energy conferences and among industrial companies and manufacturers. Why this repetitive
discovery of the traditional field, which has been already in very detail explored and described? The
answer is mainly in the rapid development of the field of power electronics, which has changed the
traditional view on high-power industrial drives in terms of drive control possibilities. This is used
right in drives for pump and fan systems where - while employing variable speed control based on
variable speed electrical drive - it is possible to significantly improve the efficiency of these systems
in a wide operating range in the contrast to classical fixed speed control methods using fixed speed

drives or variable speed drives with traditional slip couplings.
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Fig. 1.1 World Energy & Source Consumption [1]
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Although there is high energy-saving potential in these applications, the situation has not changed
significantly over last years and both retrofit and even new applications do not use the potential in

the full range often in practice. There are several main reasons:

1) The complexity of proper and reliable evaluation of pump and fan systems running under
variable speed control and its comparison with other flow control technologies considering
the entire application chain. It is required knowledge across several technical disciplines
from hydraulics and pneumatics over mechanics to electrical machines, drives and control.
State of the art tools or publications are usually focused just on a single part of the system
without covering the whole application —see Chapter 1.2.2.

2) Next difficulty preventing massive enforcement of energy saving procedures in practice is
typically the incomplete set of parameters and/or characteristics of application components,
necessary for especially analytical modeling of the system components.

3) The unique character of each hydraulic or pneumatic system. There are hardly to find re-
peatable solutions that fits most cases — considering not only the point of energy efficiency
but also hand in hand, the point of reliability and life cycle costs in general. A detailed analysis
of the whole application chain has to be performed in order to be able to adequately esti-
mate energy saving potential of existing installations and to optimize new installations.

4) The complexity of an optimization task of an optimal control strategy for multiple variable
speed controlled pumps operating in parallel into common hydraulic system. Existing instal-
lations are usually poorly solved, based just on empiric knowledge in combination with test

measurements, which is in most cases insufficient.

Since 2008, the University of West Bohemia solved the research project for ABB Switzerland, which
has been focused on overcoming of these issues and on development of methodology and software
tools that would assist on evaluation of a real energy saving potential of these applications from
technical and economical point of view. This is finally the essential step leading to deployment of
energy efficient techniques in practice and use of the energy saving potential. This thesis has been
written as a part of this project.

The main objective of our research has been put on optimization of pump and fan systems in
high-power industrial applications — particularly thermal and/or nuclear power plants, heating plants
and pumping stations. The attention on these applications is put primarily because of high energy
saving potential. However, defined methodology, proposed mathematical models and software tools
that have been developed within this work could be applied to any pump or fan application in gen-

eral.
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Introduction

1.1 Motivation

According to study elaborated by Interna-
tional Energy Agency (IEA), there is a signifi-
cant energy saving potential of 18 — 26 per-
cent in manufacturing industries worldwide
[2]. Another study from US Department of En-
ergy (US DoE) presents important saving po-
tential in the range of 10— 25 percent applica-
ble in about 72 percent of process industry
(see Fig. 1.2, [2] [3]).

The total worldwide electrical power
consumption is of about 22 000 TWh per year
(Fig. 1.3, [1]). If we consider the ratio of elec-
tricity generation from thermal power plants
as presented in Fig. 1.1 and the ratio of pump
(3,22%) and draft (2,20%) systems of the over-
all power consumption in the area of power
generation in thermal or heating power plants
(Fig. 1.4, [4]), then even a tiny efficiency im-
provement just in the area of thermal power
plants involves substantial energy and cost
savings and/or CO, emission reduction. More-
over, the median load factor of globally in-
stalled steam power plants is according to
[2], [5] less than 64 percent —see Fig. 1.5. This

indicates, that many of currently operating

Percentage of
annual costs
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Fig. 1.2 Potential of energy savings in the field of
process industry, 2004 [2] [3]
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Gross Power Generation Breakup

Typical Auxiliary Power Consumption (APC) Breakup
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System 0,04%

B Ash Handling 0,72%
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Power Net
Generation;
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Grinding 0,58%

B Cooling Water
System 1,20%

Feed Water System
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B Water Treatment
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u Lighting 0,07%

stem 2,20%

Fig. 1.4 Typical Thermal Power Plant Auxiliary Power Consumption Breakup [4]
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Distribution of Load Factor
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Fig. 1.5 Distribution of load factor of base loaded steam turbines, less than 500 MW, (2001 — 2006)
(2] [5]

power plants are working 30-50 percent below their rated capacities [2], where especially pump and
fan subsystems without variable speed flow control work significantly behind the optimal operating
range from the energy efficiency point of view. Additionally, with the expansion of renewable energy
resources, it is expected even higher demands on power variability of base-load power plants and
good tools and methodology will be required while designing new or making retrofits of existing
installations for evaluation of energy efficiency and demands of employed high-power subsystems
like pump or fan applications.

Although there is apparently huge energy saving potential in the field of energy efficiency op-
timization in pump and fan application known for years, the implementation in practice runs quite
behind. Why? In the contrast to energy saving potential, it is especially the complexity of technical
evaluation of these systems and unique character of each application. An improvement, which led
to substantial savings in one application, can lead to just opposite in other application.

Hence, one of the essential motivation for this work is to provide the answer, which particular
system configuration, flow control or drive topology is the most suitable one from the point of life-
cycle cost & energy consumption optimization for a concrete pump or fan application based on the
data usually available in real applications. Therefore, the work presents systematically methodology,
procedures, mathematical models and software tools which have been developed to make process
of evaluation of these systems as much as clear and reliable from both technical and economical

point of view.
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1.2 State of the art analysis

1.2.1  Evolution

The theory of purely pump and fan systems is very well documented and described. The baseline
sources that were used in this work for pump systems and especially centrifugal pumps is [6] and for
fan systems [7]. Interestingly, already in 1916, it has been introduced a two speed pump drive to
optimize energy consumption [8]. However, although the basic mechanical design of pumps and fans
keeps almost unchanged, especially a drive and control possibilities have rapidly developed along
with rapid development of power electronics and computational power of industrial controllers.

The first serious considerations about adjustable speed drives as a tool for savings in pump,
fan or compressor applications can be found in the last century in seventies — beginning with DC
drives, two speed AC drives to AC drives supplied from cycloconverter-type of frequency converter
(CCV). In next thirty years (until now), we can see the continual progress in promotion and employ-
ment of variable speed drives (VSDs) [9](1982), [10](1997) and sustained interest in energy savings
using VSDs in a high-power pump, fan and compressor applications [11](1985) [12](1988) [13](1994)
[14](1998) in all possible segments of industry — from thermal [15] [16] (1994) and nuclear power
plants [17] (1994), heating plants over gas [18](1989), petroleum and chemistry industries [19](1987)
[20](1999) to wastewater, sewage and air-conditioning applications in towns.

In the research and publication activity, there are two main directions of interest and their
combination (i) pump and fan applications from the point of system design, evaluation and control
optimization and (ii) high-power drives suitable for these applications.

Concerning high-power variable speed drives for pumps, fans and compressor applications,
there are basically two options based on either fixed speed electrical motor supplemented by any
type of slip coupling or electrical motor supplied from frequency converter.

Variable speed drives based on slip coupling are widely used in industry. There are two main
principles based on hydrodynamic coupling or magnetic coupling and both have developed. The hy-
drodynamic coupling have been developed from simple fluid coupling to the advanced variable
speed device based on combination of planetary gear with hydrodynamic coupling — e.g. [21]. The
magnetic principle is based on eddy current coupling. The first generations have been based on elec-
tromagnets. Last generation is using the clearly mechanical principle and permanent rare earth mag-
nets [22].

Power electronic drives had gone through intensive development from first high-power pump,
fan or compressor applications in seventies of the last century, which used mainly CCVs [23]. In eight-
ies and nineties, we can see many applications using current source inverters (CSl), under-synchro-
nous cascades (USC) or load-commutated inverters (LCl) for variable speed drives. Since approxi-
mately 2000, the great attention is put on multilevel voltage source converters (VSI) - see [24](2001),
[25](2007) and especially [26](2010) although LCl inverters still dominates in very-high power appli-

cations.
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Looking at the progress of interest in the pump and fan applications from the point of systems
design and control, the topic of mainly pumping systems optimizations become again widely dis-
cussed and published since about 2000 after the first wave of interest in 1970 - see [27] and group
of books ( [28] [29] [30]) published by organizations Pump Systems Matter and Hydraulic Institute.
The reasons were increasing energy consumption together with increasing energy prices, substantial
energy saving potential of these applications and intensive support from government programs,
pump and fan manufacturers and especially drive manufacturers headed by manufacturers of power
electronic converters, which have developed more reliable and efficient variable speed drives with
reasonable payback period. The important motor of research and development is also huge demand
and investments in rapidly growing regions in Asia headed by China and India together with many

retrofits all over the world.
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1.2.2 Challenges

Although, there is a long history of research and development in the area of pump and fan systems,
there is still a huge gap between the state of the art of research and amount of optimized pump or
fan installations. There are several explanations about that like poor knowledge or misunderstanding
of the positive effect of variable speed control among decision makers or bad experience from older
installations using power electronic converters, which had serious problems with reliability in com-
parison to other solutions. However, one of the major reasons according the experience from prac-
tice is the lack of tools that would be able to adequately evaluate and compare these systems and
give to the investor reliable data about technical and economical parameters of an investment.

There are several software tools available. Siemens has developed online application SinaSave
[31] which enables simple calculation of possible cost saving potential for pump, fan and compressor
applications, ABB has developed its energy saving tools PumpSave and FanSave [32] and there are
other tools available for free — e.g. PSIM published at [33]. These tools are good to get rough idea
about the saving potential what is very important at the beginning. Nevertheless, they work usually
above too simplified models and use very general approaches omitting individual configurations of
each application. This is important especially in high-power pump o fan applications, while a tiny
error in simulations leads to substantial error in real operating costs. Moreover, these tools are not
able to compare satisfactorily recommended technology with alternatives from possible concurrent
technologies and therefore provide to user a complex view of eligible options.

From primary point of view, there are several ways on how to improve these systems. The
main trend of control optimization is in replacing of passive flow control methods like throttling,
bypass or on-off control methods for pumps and especially dampers for fans for variable speed flow
control. The challenging task and the objective of this work is in this case to develop mathematical
models and software tools working precisely enough under variable speed control using just data for
fixed speed control which are usually the only available.

The second way, which is explored in this work, deals with optimization of control of multiple
variable speed controlled pumps working in parallel into common hydraulic system. The optimization
commonly used is based on just empiric knowledge and measurements due to complexity of evalu-
ation of optimal control because of optimization task of highly nonlinear and multidimensional sys-
tem. Recently, there have been published several optimization approaches converting the task into
mixed integer nonlinear programming problem ( [34], [35]) or using dynamic programing [36]. The
advantage of these approaches is especially the “real-time” character. However, the pump perfor-
mance curves have to be converted into analytical representation which can lead — depending on
the shape of the real pump curves - to significant total energy consumption prediction error, espe-
cially in very high-power pump applications that are the target ones.

In this thesis, it is presented the numerical optimization method using recursive brute force
approach to provide solution taking into account real pump performance curves and precise-enough
solution for a general case. Special attention has been also paid to selected cases with restricted

space of freedom, which can be often met in real applications.
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1.3 Main objectives of this thesis

Based on the state of the art analysis, the thesis focuses on overcoming of the above-defined main
issues. By specific, the main objective of the work is to present systematically methodology, proce-
dures, mathematical models and software tools which have been developed for evaluation and op-
timization of especially single pump and single fan systems with impact on practical usability of the
results in real applications. The second main objective is to present the developed algorithm and
methodology for generation of optimal control strategy of multiple pumps operating in parallel into

common hydraulic system.
For the part of pump systems, the intermediate objectives are set as follows:

1. Develop a complex set of mathematical models of components of single pump applications
suitable for variable speed flow control including models of hydraulic system, centrifugal
pump and drive (gearbox, electrical motor, hydrodynamic coupling, frequency converter and
transformer).

2. Describe the principle and quantify energy demands for pump flow-control methods — both
passive (throttling, bypass, on-off) and active (variable speed control).

3. Develop approximation methods based on typical component characteristics and features
to ensure basic functionality of the models in the case of poorly specified cases.

4. Implement developed mathematical models and approximation methods in expert software
tool Medium Voltage Drive Pump Save.

5. Verify functionality of developed models on typical case studies.

6. Develop algorithm for optimal control strategy of multiple variable speed controlled pumps

working in parallel into common hydraulic system.

For fan systems part, the intermediate objectives are set as follows:

7. Develop a complex set of mathematical models of components of single fan applications
suitable for variable speed flow control including pneumatic system and both radial and axial
type of fan.

8. Describe the principle and quantify energy demands for fan flow-control methods — both
passive (inlet damper, outlet damper, inlet guide vanes, pitch control) and active (variable
speed control).

9. Develop approximation methods based on typical component characteristics and features
to ensure basic functionality of the models in the case of poorly specified cases.

10. Implement developed mathematical models and approximation methods in expert software
Medium Voltage Fan Save.

11. Verify a functionality on typical case studies of fan systems.
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1.4 Methodology

There have been applied two methodology approaches in this work, which also determines the struc-
ture of the work. In the first part of the work dealing with single pump and single fan systems, it has
been performed basic analysis of all components of the systems including the all commonly used
control techniques. After that, we have developed simplified mathematical models of particular
components. The main attention in this research has been paid to development of models using just
generally available initial data. Then we performed a detailed analysis and comparison of each sim-
plified mathematical model with advanced fully specified models or with measurement results on
real devices. Based on the comparison of analysis results, innovative approximation technigues have
been proposed for selected model components to improve the precision and reliability of results
while keeping the condition of using just commonly available initial data for model specification.

In order to evaluate efficiently a real pump and fan applications and to verify the performance
and interaction of developed mathematical models in a comprehensive way, software tools, which
have implemented these models and enabled fast building and/or simulation of complex pump or
fan applications under various system configurations and controls, were developed. Real case studies
from thermal power plants have been then elaborated to verify the functionality and present the
performance of developed mathematical models, methodology and software tools under real appli-
cations.

A different approach has been applied for the optimization task of control strategy for multiple
pumps working in parallel into common hydraulic system. In this task, the objective was to develop
the algorithm and/or methodology enabling determination of optimal operating and/or load diagram
for a group of pumps under variable speed control, respectively, to find optimal flow distribution
among the pumps so that total efficiency for each operating point (i.e. total flow of the group of
pumps) is maximal. The optimization task of non-linear multidimensional space has been solved nu-
merically, based on recursive brute-force principle.

The structure of this thesis mirrors the employed and above described methodology. Except
the first introductory chapter, the next chapters continues as follows:

Second chapter describes the optimization process including numerical background for single
pump applications. It begins with description of models of hydraulic system and pump suitable for
variable speed flow control. Then it derives evaluation of the most common flow control methods —
both passive (throttling, bypass, on-off control) and active and/or variable speed flow control. Next
section deals with components of drive for both fixed speed and variable speed control including
gearbox, hydrodynamic coupling, electrical motor, frequency converter and transformer. Finally, two
typical case studies and its variants have been processed in order to present the performance and
verify behavior of proposed mathematical models and software tool on real application.

Third chapter deals with energy efficiency optimization of pneumatic systems. It builds on the
common parts with hydraulic applications and extends it for chapters describing modeling of pneu-
matic systems and fans, which requires different methodology. There are presented mathematical

models of radial and axial fans including the most common flow control methods and/or techniques
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— inlet damper, outlet damper, inlet guide vanes, on-off control, variable speed control and pitch
control for axial-type of fans. The methodology of modeling of flow control methods is unlike pumps
based especially on empiric knowledge of these controls, which are often represented by generalized
performance curves of these devices. At the end of this part, representative case studies have been
elaborated to present the performance of proposed models and developed software tool in practice.

Fourth chapter solves separately the task of energy efficiency optimization of group of multi-
ple variable speed controlled pumps working in parallel into common hydraulic system. There is de-
scribed the proposed algorithm and methodology for optimal control strategy and/or optimal distri-
bution of flow among pumps ensuring maximal total efficiency of a group of pumps for any total
demanded flow. There is presented the algorithm based on numerical optimization method using
brute force approach, which enabled to solve the non-linear multidimensional optimization task. A
special solution, which significantly sped-up the calculation process, for the cases of restricted space
of freedom is also presented. The performance of the algorithm has been finally in detailed graph-
ically presented on elaborated case studies. Additionally, the influence of a static head of a hydraulic
system and the effect of variable sizing of pump in a pump group on an optimal control strategy are
presented.

Finally, the last chapter summarizes the main contribution of this thesis and defines challenges

for the future research.
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2 Single pump applications

This chapter describes energy efficiency optimization process for pump applications employing sin-
gle pump or possibly multiple pumps working in simple parallel or series connection in the manner
that allow to substitute them with a single pump head-flow and efficiency-flow curves.

The first part is dedicated to introduction of methodology and model design employed in the
evaluation process. It begins with modeling of hydraulic system including typical examples of hydrau-
lic system curves and samples of operating profiles. Next, it describes the mathematical model of a
pump with impact on a model suitable for variable speed control. Then, there are described the
principles and proposed mathematical models of pump flow control technigues — the passive ones
as throttling, bypass and on-off control using fixed speed drives and the active one, variable speed
controls, using either drive with frequency converter or fixed speed drive with hydrodynamic cou-
pling. Next part deals with modeling of particular components of the drive with a special attention
paid to approximation techniques of especially electrical motor and transformer. Due to non-linear
nature of application chain components, all mathematical models are derived in the discrete form
suitable for direct software implementation. Finally, it is presented the way of evaluation of main
technical and economical indicators of a solved application and/or case study.

The second part is devoted to verification of mathematical models and methodology using the
software tool Medium Voltage Pump Save 2012. The tool has been developed based on the pre-
sented theory to provide an advanced engineering tool for comprehensive evaluation of single pump
systems. The performance of the software tool and/or developed mathematical models and meth-
odology is presented in two typical case studies of boiler feed pump application and cooling water-
circulating application. Each case study is then branched in two variants to present the influence of
particular parameters of case study on the annual energy consumption and operating costs and di-

rectly compare the evaluated flow control techniques and drive configurations next to each other.
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2.1 Methodology and model design

In this chapter, it is described theoretical background and procedures employed in the evaluation
and energy optimization process of pump systems. There are defined mathematical models of hy-
draulic system, pump including the collection of flow control algorithms and components of drive
suitable for simulation of both fixed speed and variable speed operation. Approximation procedures
based on typical characteristics, data and behavior for all the components of pump system are also
included to present the way of evaluation while having a lack of parameters and/or data for full
specification of systems to be solved.

The models are developed for steady states, which is sufficient for the purposes of energy
efficiency evaluation. The models are except of analytical derivation expressed especially in the form
suitable for numerical calculation, which is necessary because of high non-linearity of particular com-
ponent of pump systems.

From an economical point of view, investment costs can be evaluated accurately already in a
planning phase. However, operating costs evaluation contains many variables, which depends right
on the proper mathematical modeling and precise energy consumption and/or cost prediction. To
predict energy demands and/or consumption, it is necessary to begin from load characteristics, i.e.
to state pump flow distribution in time. Energy consumption is then calculated from pump operating
profile and developed mathematical models of pump and each component of the pump drive under
selected control. This is in general no problem if we have i) pump and control performance curves
and ii) fixed speed machines where parameters and curves at nominal operating points are available.
However, especially for variable speed flow control with variable speed drives, it is necessary to use
sophisticated approximation techniques, which are able to estimate drive loss values at real operat-
ing points just with knowledge of model behavior under nominal conditions.

The basic expected input data for evaluation of pump application using mathematical models
described in this chapter are definition of hydraulic system including control and operating profile
and datasheet values and/or curves for pump and drive components. Operating data and especially
the efficiency curve of each component of the drive chain are then evaluated for specific load con-
ditions. Then it is possible to determine the annual and lifetime energy consumption, drive operating
costs and other economical and technical drive indicators.

All the presented mathematical models have been implemented in the core of the software
tool MVD Pump Save 2012 and tested properly on evaluated case studies. Namely, following com-
ponents have been described: hydraulic system, centrifugal pump and the most common flow con-
trol algorithms including fixed speed flow control methods (throttling, bypass, on-off control) and
variable speed flow control methods using either directly electrical motor supplied from frequency
converter or electrical motor in combination with slip coupling. Then, there are presented models of
drive chain (including clutch, hydrodynamic coupling, electrical motor, frequency converter and

transformer) and methodology of evaluation of basic economical indicators.
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Chapter 2 Single pump applications

2.1.1  Hydraulic system

Specification of hydraulic system is the key process while designing or evaluating pump application.
Hydraulic system is represented by system curve, which characterizes the head required to move
fluid through a hydraulic system for various flow rates. It provides also information about character
of the application — static head dominated or dynamic (friction) head dominated system and deter-
mines requirements on the pump design —the pump power, operating flow range and pump head.
Hydraulic system is commonly defined as in (2.1). However, for the purposes of hydraulic sys-

tem evaluation, it will be formally used definition according to (2.2) - (2.4), where hydraulic system
curve is composed basically from two components — static which represents the pressure caused by
external factors or elevation of fluid column and dynamic which represents the friction losses — see
(2.3) and (2.4).

H,=H,(0) (2.1)

Hy (Q):HST (Q)ZHSD (Q)_Hss (Q)

Hg, (Q)=Hg, (Q) +Hgp,y (Q) + Hyp,,

Hss Q)= Hsss Q) - HSSd O+ HSSsp

HS(Q):HST(Q):HSZY(Q)-i_HSTd (Q) (2.2)
Hy, (Q) =Hgp, (Q) =Hg, (Q)—Hg, (0) + Hgp,, — Hggyp (2.3)
HSd (Q)ZHSTd (Q):HSDd(Q)_HSSd(Q) (2-4)

Friction losses of pipe can be evaluated according to Darcy-Weisbach equation - (2.5) or for valves
and fittings according to (2.6) [6] [37]. Nevertheless, the hydraulic system can be very complex —
especially in high-power pump applications e.g. in thermal power plants. Therefore, the construction

of hydraulic system curve will be simplified, based on the knowledge of just nominal operating point,

Nominal Operating Point

Flow [m3/h]

(0] 100 200 £100] 400 500 600

= Static Component of System Curve = Dynamic Component of System Curve

Pump Nominal Curve System Curve

Fig. 2.1 Typical Hydraulic System Curve
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Chapter 2 Single pump applications

zero flow point, static head curve and assumption of quadratic character of friction losses, which is
sufficient for the purposes of energy consumption evaluation in most cases. The quadratic character
of the friction head curve is evident from the equations (2.5) and (2.6) if we consider the red part of
the equations to be constant for a particular hydraulic system. Friction head is then directly propor-
tional to square of velocity. Based on (2.7) fluid velocity is proportional to flow (2.8) and consequently
when velocity is substituted in (2.5), head caused by friction is then proportional to square of the
flow (2.9) for piping system with constant pipe profile and incompressible flows.

Friction head curve is then constructed according to (2.11) where nominal friction head and

zero flow friction head are calculated from (2.10). Numerical expression is in (2.12).

2 2.5
H, - ,;X(AJXL 22

D) 2g
2 (2.6)
HLv ZKXV_
2g
V_E-S_K~Q—K (2.7)
T ATt
VZQ (2.8)
A
(2.9)
H, =[x £ X sz
D) 2¢4
HSdN _ HSN _ HSSN (2.10)
Hg,=0
2 (2.11)
Hg, =Hg x &
G,
o, 2.12
O Z[Qs—j] > J 21’2""’msamples ( )
QS—I = 07 QS—mmmp,a = QN
T
HS ZI:HS—j (Qs_j):l ;j:1’2""7msamples
0 2
Hs—j (QS—(i):HSs(QS—j)_i_HSdN X[ QSJJ ;jzl’z""’msamples
Sy

In the following figures see typical examples of hydraulic system with friction dominating component
(e.g. all liquid circulating applications like water cooling applications) - Fig. 2.2, hydraulic system with
dominating component of static head - Fig. 2.3 and hydraulic system with linear component of static

head (e.g. boiler water feed application in thermal power plants) - Fig. 2.4.

2.1.1.1 Typical examples
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4050 rpm

. 2028 rpm
Flow [m3/h]

100 300 400 500 600
System Curve Pump VSD Flow Restriction
== Operating Range Pump Nominal Curve
e Pump Variable Speed Curves

Fig. 2.2 Hydraulic system with dominating component of
friction head

4050 rpm

3695rpm

Flow [m3/h]

100 400 500 (S00]
System Curve Pump VSD Flow Restriction
—t== Operating Range Pump Nominal Curve
e —————— Pump Variable Speed Curves

Fig. 2.3 Hydraulic system with dominating component of
static head

///

e—— 4050rpm
%’

%

~
2697 rpm

'~

Flow [m3/h]

100 400 500 600
System Curve Pump VSD Flow Restriction
—t=— Operating Range Pump Nominal Curve
e ————————— Pump Variable Speed Curves

Fig. 2.4 Hydraulic system with linear component of static head
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2.1.1.2 Operating Range & Profile

Operating profile is best represented by histo-
gram, which shows graphically distribution of
flow rate in time. As a function, it is expressed in
(2.13)  and  numerical  expression in
(2.14).

Operating range and profile of pump ap-
plication significantly influences design of whole
application and/or have essential weight in de-
cision-making which technology is the most suit-
able for the application.

Figures Fig. 2.5, Fig. 2.6 and Fig. 2.7 pre-
sents samples of operating profiles of hydraulic
systems of various types of thermal power
plants. Diagrams have been constructed based
on the knowledge of workload of these power
plants employed in electricity generation net-
work of Czech Republic for the period of
07/2012 to 07/2013 [38] and assumption of di-
rectly proportional relation between power
plant power and pump power and/or flow rate.
Note, that this is simplified approach suitable
mainly for presentation of the three different
characters of operating profiles of pump appli-
cations in thermal power plants. It is always nec-
essary to work with actual operating profile of a
particular application. Nevertheless, it provides
an idea about the character of these pump ap-
plications and agrees well with the place of
these power plants in the daily diagram of cov-
ering of electricity consumption — from base
load band covered by nuclear power plants over
steam power plants to peaking combined gas
and steam power plants. Notice also the typical
operating range of the power plants and/or flow
rate variations of particular hydraulic systems.

Weighted average of flow and weighted
average of power are important statistical indi-
cators characterizing the hydraulic application —
see (2.15) and (2.16).

Operating time [%]

Fig. 2.5 Sample of operating profile of
Conventional Steam Power Plant

14

Operating time [%]

Fig. 2.6 Sample of operating profile of
Combined Gas and Steam Power Plant

1
0
0
0
0
0
0
0
0

o

Operating time [%]

Fig. 2.7 Sample of operating profile of
Nuclear Power Plant
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Chapter 2 Single pump applications

Physical limits of flow range are predetermined by design of pump and hydraulic system to-
gether with employed flow control methods. By selection of the pump, it has to be taken into account
except of sufficient hydraulic parameters — head and flow — especially required NPSH due to risk of
cavitation and minimal or maximal flow restrictions. A curve of required NPSH is supplied by pump
manufacturers and varies with pump speed. Minimal and maximal flow restrictions are stated for
nominal speed. In (2.17) and (2.18) it is derived the limitation curve of minimal and maximal flow for
speed controlled pump using affinity rules — for details see chapter 2.1.2. For examples, see Fig. 2.2

- Fig. 2.4, red dashed curves.

top =lop(O) (2.13)
P =[Qurt0 (2.14)

Qor = Qs.00 =[ o OopasesOony, | :00n, = Oon

tor = [ton (Qon)tors (o )ostonny (Qom )|

kop kop 2.15
ZQ [m’® / h]xt[h,%,pu] ZQ Xt (2:13)
O’/ 1] = - O, == Z 0, xt,
> [0, %, pu] Ztip“
i= i=1
kop kop 2.16
D P, [kW]xt[h,%,pu] DB Xt (2.10)
hwavg [/‘ W] - = kop ;R"’Va"g/m = = kop = ZR’i/m X ti;zu
Zt ,%,pul] Ztiw =l
i=l1
H pine = Hpine (Q) sH e = [Hpmmq (QPmian )] (2.17)
QPmian = Op minx %
N
Q min n; ’
HPmian = HPminN (QPminN ) [ AL~ j = HPminN (QPminN ) x [_]]
QPmmN nN
j = 1’ 2’ i msamples
HPmaxC = HPmaxC (Q) ;HPmaxC = |:HPmaij (QPmaij )j| (218)
QPmaXCj = QPmaXN x n
N
Q o 2 n 2
HPmaij = HPmaxN (QPmaxN ) ( : < ] = HPmaxN (QPmaxN ) x (_JJ
QPmaXN nN

=1,2,..

samples
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Chapter 2 Single pump applications

212 Pump
Selection of the right pump for an application is
one of the most important steps. There are sev-

eral types of pumps based on different princi-

—_
§
>
]
c
)
S
&

ples and suitable for different hydraulic condi-
tions. Design of a pump for a particular applica-
tion is a very complex task from the field of es-
pecially fluid mechanics and it is widely de-
scribed e.g. in [6]. For energy optimization pur-
poses of pump applications, it will be used
pump performance curves (see Fig. 2.8 and Fig.

Flow [m3/h]

2.9 for basic and derivated typical curves), 0 100 200 500 600
e Efficiency [%)] Head [m]

which sufficiently describe the pump behavior ;
Fig. 2.8 Sample of pump datasheet performance

and features and are commonly supplied by curves for nominal speed

pump manufacturers together with pump. Fur-

ther, it will be account with centrifugal type of

Power [kW]

pumps, which are the most common in high-

Torque [Nm]

power applications.

Nevertheless, pump performance curves
are often defined only at pump nominal speed.
The following equations also called affinity rules
- (2.19) - (2.21) - are used to recalculate pump

performance curves for variable speed, which is

s Power Consumption [kW]
Hydraulic Power kW]
diameter is considered unchanged. = Torque [Nm]

needed for variable speed control. The impeller

0

It is proved in (2.22) that efficiency keeps un- 100 200 300 400 500 600
Flow [m3/h]

Fig. 2.9 Sample of pump derivated performance

any speed is expressed in (2.24) and (2.25). The curves for nominal speed

changed using affinity rules. An efficiency for

structure of pump losses is apparent from Fig. 2.10, which shows typical efficiency and losses for
centrifugal pumps in the relation to pump specific speed, which is the essential parameter describing
pumps expressed in (2.26). The two expressions of pump specific speed are presented to clarify the
inconsistent definition of especially units in literature. The specific speed ns matches the speed in
the Fig. 2.10, the specific speed ns.orig Shows the original dimensionless formula including acceleration
of gravity. In (2.27) it is shown that pump specific speed is independent on the pump speed using
affinity rules. Pump hydraulic power, power consumption and torque on the pump shaft are then
expressed in (2.28) - (2.31) . Note, that pump head is related to real head of liquid, which is being

pumped in (2.29) instead of often-used equivalent in head of water column.

Page 33



Chapter 2

Single pump applications
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Fig. 2.10 Loss distribution in a centrifugal pump as a function of specific speed ns [41]

(2.19)

(2.20)

(2.21)

(2.22)

(2.23)

(2.24)

(2.25)

(2.26)
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Chapter 2 Single pump applications

0, (2.27)
g, =Ny, X Nl3/4
N1
1/2
Mya.
Q 1/2 Q 1/2 an Q 1/2
Mgy =Myy X H]:,}M =Nyy X Hl\z\//113/4 x [VZNZJM = H]:,3/4 XMy =N
My
P[W]=Q[m’" | s|xAH[Pa]=Q[m" / s|x AH[m|x plkg | m"|x g[m/s"] (2.28)
3 , >/ 2
PIkW]= Oim /h] 5 AH[m|x plkg / m” |x g[m/s” ]
3600 1000
: s? 2.29
H[kpa]zh[m]x,o[kg/m |xg[m/s7] (2.29)
1000
p-t (2.30)
o
T[Nm] = EIWI _ R[kV]x1000 (2.31)
o[rad /| s]  nlrpm] <2
60

2.1.2.1 Numerical solution of pump operating points under VSC

For a precise evaluation of pump systems, it is necessary to obtain real performance curves of the
pump, usually at least for nominal speed. Since every pump has a specific performance curve and
the curve change slightly over the pump lifetime, there is no general analytical description available.
Hence, the optimal way is to sample these curves at nominal speed and solve the complete hydraulic
system numerically to obtain precise results. Nevertheless, the numerical solution requires specific
methodology to be employed, which is de-
scribed below.

The set of sampled data is defined in
(2.32). At first, it is the stated nominal operating
point, which is located at the intersection of
pump nominal head-flow curve and hydraulic
system curve — see (2.33). Theoretically, there
could be more possible intersection points be-

tween pump and system curve, however only

one stable one —see [39] page 48. The Fig. 2.11 Flow [m3/h]
shows sampled pump head-flow curve (red, 200 400 600 800 1000
Pump curve
(2.32)) and discretized hydraulic system curve System curve
. —— Auxiliary curve - Low range
(black) constructed according to (2.12). The yel- —— Awxiliary curve - High range

X Intersections
—— Operating range

low curve indicates the operating range of the

system curve - (2.34). A real pump & system Fig. 2.11 Discrete definition of hydraulic system

application
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nominal operating point is then obtained as an intersection of linearly interpolated pump and hy-

draulic system curves - (2.35).
H,=H,(0,): 1, =1,(0) (2.32)
0, =[0n,] 1 i=120my
Hy =[H,,(0,,)] 1i=120m
oy =0, (Qn))] 5120y

H,=H,(Q); Hy = H(Q) (2.33)
H,(Q)=Hy(Q)

Qop, ={01H,(Q)=H(Q); n,=n,}

Hop, Z{H|H=HP(Q); Q€ Qpp, 3 1y =nN}

H,,=Hg,, :[Hs (Q)]TQQEQOP (2.34)

|:QOPN > H, OPy, j| = flnzemectLin]nzArmys (QPN > H Py Qs > H N ) (2 3 5)

Next, it is derived pump operating speed range. The minimal speed is the speed at which pump curve
crosses the system curve at the point of minimal operating flow; similarly, the maximal speed is the
speed at which pump curve crosses the system curve at the point of maximal flow — see Fig. 2.11,
yellow cross marks. The minimal and maximal speed can be derived from (2.19) or (2.20) if it is find
an equivalent operating point for hydraulic system minimal and maximal operating points on the
pump nominal curve using affinity rules — see Fig. 2.11, yellow cross marks. The minimal speed is
then expressed in (2.36) and the maximal speed in (2.37). The maximal speed equals to pump nom-
inal speed when the maximal operating point lies on the pump nominal head-flow curve at nominal
speed.

To find the equal operating points on pump nominal curve, auxiliary curves have to be built -
(2.38) and (2.39) for minimal and maximal operating range - see Fig. 2.11. Equivalent operating
points lies on the intersection of pump nominal curve and auxiliary curves - (2.40) and (2.41). For
numerical solution see (2.42) - (2.45). Distribution of pump speed covering operating range is then
in (2.46).

_ _ Q()P, _ H()P, (2'36)
Nop,, = Mop =My X =y X H
QOPleqN OPegN
0 H (2.37)
_ _ 0P’~'ur — OP"UP .
nop,, = Mor,, ="M > 0 =ny X H—’
Oﬁ()PeqN OP,‘OPeqN
... for Qopkop = QOﬁnpeqN = Hop, =Ny
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0 2 (2.38)
HAumein = HAumein (Q) = HS (QOPimin ) x {—J
QAumein_max
Q € <0’ QAumeinimax>
Q uxCmin _max = Q min X M
e o HS (QOPimin )
QOP_min =min (QOP ) = QOP, ;HchCmin_max = max (HPN )
0 2 (2.39)
HAumeax = HAumewc (Q) = HS (QOP_mux ) x (—j
QAumeaximax
Q € <07 QAumeax7n1ax >
Q uxC max_ max :Q muxx M
e - - HS (QOP_mwc)
QOPJnax = max (QOP ) = QOPA,O,, ;HAumeaximax = max (HPN )
H ycnn (@) = Hy, (Q) (2.40)
Qoaeqzv = {Q | H occmin (Q) = HPN (Q)a n,= "N}
HOPleqN = HAumein (QOPleqN )
HAumeax (Q):HPN (Q) (241)
QOﬂ()l,eqN = {Q | HAumeax (Q) = HPN (Q)’ np = nN}
HOﬂ()PeqN = HAume[n (QOﬂ()PeqN )
T 2.42
QAumein = I:QchCmin—j] ( )
QAumein—l = 0’ QAumein—mmmph,\. = QAumeinimax
T
HAumein = |:HAumein—j (QAumein—j ):I
Q 2
HAumein—j (QAumein—j ) = HS (QOPJ?IM ) x {MJ
QAumeinimax
j = 1’ 2’ o0 msamples
T 2.43
QAumeax = |:QAumeax—j :I ( )
QAumeax—l = O; QALLmech—m»WIMS = QAumeaximax
T
HAumeax = |:HAumeax—j (Qchmec—j ):I
Q 2
HAumeax—j (QAumewc—j ) = HS (QOPimax ) x {M}
QA uxCmax _max
j = 1’ 2’ R msamples
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I:QOPquN H H ORegN :I = f}ntersectLin]ntArrays (QPN H H Py QAumein 4 H AuxCmin ) (2 44)
[QOPkOPeqN 2 H OPkgypegN :‘ = f}ntersectLinIntArmys (QPN > H Py QAumeax 2 H AuxCmax ) (2 45)
n, =[nPj]; =12,..m_ (2.46)

Nop . —Nop.
X —_—

min

Np =Nop. +(j—1)

min m -1

curves

Pump operating points - by employing variable speed control - are placed on the intersections
((2.48)) of pump curve recalculated for particular speed ((2.47)) and system curve. Finally, pump
head at pump and hydraulic system operating points according to operating profile defined in
((2.14)) is obtained by linear interpolation of intersections of pump curves for variable speed with
hydraulic system curve - (2.49).

See example in the Fig. 2.12 and Fig. 2.13 for detailed view, where former derived relations
from (2.33) to (2.49) are presented graphically. In particular, transformation of pump curve at nom-
inal speed for variable speed including determination of pump speed range in the Fig. 2.12 and de-

tailed view of real pump and system operating points apparent from the Fig. 2.13.

QPni = |:QPni_j }; Hp,.l. = |:Hpnl_j (QPn,-_,- )} (2.47)
Op, =0, X ni
N
2
H Pn (Qpnl_il_ ) =H Py, % (:—;]

ien,; j=L2,.,m

samples

Flow [m3/h] Flow [m3/h]

200 400 600 800 1000 400 450 500 550 600 650
System curve —t=— Operating range System curve —t=— Operating range
Intersections Auxiliary curves X Intersections Auxiliary curves

Pump Variable Speed Curves —_— Pump Variable Speed Curves

Fig. 2.12 Pump operating points employing varia- Fig. 2.13 Pump operating points employing varia-
ble speed control ble speed control - detail
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|:QPS;1,» 4 HPSn, ] = ﬁnlersectL[nlmArrays (QS 4 HS > QPn, > HPn‘ )
Ops = [QPSn,- ]; H g = [HPSn, j|
ien,

Hop = f[mLinArmy (st s H b5, O, )

H or— [H OPi ]T

i=1,2,.k,

(2.48)

(2.49)

Next are expressed relations for pump hydraulic power ((2.50)), pump mechanical power and/or

power consumption (2.51), pump efficiency ((2.52) and (2.53)), pump speed ((2.54)) and pump

torque ((2.55)) at pump operating points. See examples in the section of case studies - Fig. 2.27 to

Fig. 2.36.
T
P, or :[I)h—OPi] (2.50)
[m* /h] H,,[m]x plke / m’]x g[m/ s>
B owy Gl (1], Hoplmlx ke ' x gl
3600 1000
i= 1,2,...,kOP
Poor=Piop-!Npor (2.51)
T
Np-or = [77P-0Pi] (2.52)
nP*OPi = f}ntLinArmy (QPS > ”PS > QOPi )
i=1,2,...k,p
np (2.53)
TTps = Mps (ans ) =11y, (QPS X— J
Npg
T
Nps = [77})51']
I’ZPN
Mesg = flntLinArray QPN >Mp, :stj X—— | Bpg =Hp
Npg;
j = 1’ 2""’mcurves
Rp op = [nP—OPi] (2.54)
Np_opi = f/mLinArray (QPS 1p, Opp; )
= 1,2,...,kOP
T, op = [TP—OPi] (2.55)
P 1k 1
T, oy Nm| = 2p-opi K1V 11000
Mp_opltPM] 1
60
i=1,2,...k,p
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2.1.3  Flow control algorithms

There are several flow control strategies commonly used in practice. The passive flow control
strategies like throttling, bypass or on-off control, which are applied to control the flow in
applications with constant pump speed and active strategy using flow control by pump variable
speed control. The principle is illusrated in the Fig. 2.14. It is obvious, that passive flow control
strategies are always lossy except of nominal operating point. To be able to compare and evaluate
flow control algorithms among each other, following pump control efficiency is defined - (2.56).

Control efficiency at pump operating points according to operating porfile is then - (2.57).

:i:BﬁXt:% (2.56)
cp

Bp  Bpxt  Eyp
BaP:QPXAHP(QP)

Fs=0s XHS(QS)

B T 2.57
Nep-or = [ncp-opi] ( )
n _ Bis_ori _ Bs_or X1, _ Eis_opi
cp-opi
Bopori Bip-om Xt Ejp_op;
i=12,..k,

Energy Consumption per time period for selected
Pump Flow Control Strategies

= 120 Throttling Operating
E Point, Qx
k-] o
o
£ 110
\ No_minal Operating
I R N S S ; Point, Qn
&
NN L)
80 &/ 1
Y
¥ :
VS rating E
60 nt, Qx :
Bypass Operating
r Point, Qx
40
20
0 )
0 20 40 60 80 100 110 120
Demanded Flow, Nominal Flow,
o phad Flow [%]

E N Energy wasted by Throttling Control
| Energy wasted by Bypass Control
— ________: Energy wasted by On-Off Control

Fig. 2.14 Energy consumption per period for selected pump flow control strat-
egies
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2.1.3.1 Variable Speed Flow Control

Variable speed flow control use the change of pump speed to match demanded flow and/or operat-
ing point on hydraulic system curve. Pump flow and head match hydraulic system flow and head and
therefore control efficiency under speed control equals one - (2.58). Pump efficiency under variable
speed control is then - (2.59). For detailed description of pump behavior under variable speed con-

trol, see chapter 2.1.2.1.

Op_vs-ori = Os-opis Hp_ys_ori =Hs_opi = Pip_ori = Bis_ori (2.58)
_ Bis_oni 1
Nep-vs-ori = P =
hP—OPi
i=12,..kgp

n (2.59)
Mp_ys =1p, (QP X%j

n
— N
Mp_vs-ori = f}ntLinSpline [QPN ’ ”PN ’ QP*OPi x ]

P-OPi

2.1.3.2 Throttling

Pump speed equals to pump nominal speed over the entire operating range - Eq.(2.60). Pump flow
equals to system flow and pump head is a function of pump head-flow curve at nominal speed
(Eq.(2.61) and Eq.(2.62)). Control efficiency for throttling control strategy is then Eq.(2.64). Pump
efficiency employing throttling control strategy is then - Eq.(2.65). Head loss on control valve is ex-
pressed in Eq.(2.63). Using throttling valve change hydraulic system curve and/or nominal operating
point. Hence, it is not possible to compare the control method with the others under constant hy-
draulic system conditions. Therefore, the pump hydraulic power and efficiency calculation is divided
into two regions given by the head loss of control valve. The second region is not reachable without
replacement of the pump or hydraulic system conditions, however to be able to compare it with
other flow control methods, it is supposed power increase of the pump about power loss of the

control valve.

P voting—op =CONST=My; 1=1,2,.... K, Eq.(2.60)
QP—Throttling—OPi = QS—OPi = Qop,- ;=12 kOP Eq.(2.61)
Hp_pirosing-ori = Hp, (prnmmng,gp,‘ ) = Sinttinarray (QPN Hy .0 hosing ) ci=12,...k,, E9(2.62)
(O ——— 2 . Eq.(2.63)
AH b tyroutingvave-ori = D p_throtingyate, (TJ ;i=12,...k,p
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Bis-ori = Os-ori X Hs_op; Eq.(2.64)
])hP—Throttling—OPi = QP—Throttling—OPi x H P-Throttling—OPi
A])hP—ThrottlingValve—OPi = QP—Throttling—OPi x AI—IP—Throrz‘lingValve—OPi

])hS—OPi

i. for (H P-Throttling—OPi H opi ) >AH P—ThrottlingValve—0Pi — T1CP—Throuting-oPi —

P

hP—Throttling—OPi

ll.fOV (HPfThroltlingfoPi - HS*OPi ) < A[_IPfThratllingValchOPi =
= _ BfS*OPi
77CP—Throtrling—OPi - P AP
hS—OPi + hP—ThrottlingValve—OPi
i=1,2,...k,p
nP—Thr()ttling—OPi = ’7]3'M (QP—Thl'l)ttIing—OPi) = .flntLinArray (QP.V s ”P.\’ H QP—T/lrottling—OPi) Eq(265)
i=1,2,..k,,

2.1.3.3 Bypass
Pump speed equals to pump nominal speed over the entire operating range (2.66). Pump flow de-
pends on the character of pump curve and it is get from an inverse function of pump head-flow curve

for head matching hydraulic system head ((2.67) and (2.68)). Control efficiency and pump efficiency
are then similarly to throttling in (2.69) and (2.70).

nP—bﬁimW—i :COH‘ST:nN; izl’zamakop (2.66)
QP—B}paxs—OPi = QPN (HPfopasstPi) = flmLmArmy (HPN ’QPN ’HPfB}Wa.m‘—OPi );i = ]’2,.“,1(0[) (2.67)
-1
QPN (H) = HPN (Q)
HP—BWQYSS—OH :HS—OPi; i:172:'":k0p (2.68)
Bis—ori = Os_op X Hy_op; (2.69)
FzP—Bypass—OPi = QP—Bypass—OPi X HP—Bypass—OP[
P

77 _ hS—OPi
CP-Bypass—OPi ~—
VP! P

hP—Bypass—OPi

i=1,2,..k

%o

nP—By]ms.v—OPi = nPN (QP—Bypa.s's—OPi ) = flr/tLinArray (QPN 3”}71\, H QP—Byp(lss—OPi ) (270)
i=1,2,...k,,
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2.1.3.4 On-Off Control

On-Off control is a very specific flow control, while it actually operates only at nominal operating
point - (2.71). It is not possible to control flow in a real time. However, it is possible to control the
flow quantity in a period (average value) - (2.72). Flow quantity is then determined by the ratio of
run and stop time. Control efficiency is then - (2.73). It is apparent, that this method could be applied
only for the applications, which include capacity and/or it is possible to vary flow around the set-

point hysteresis range.

Mp_onog-opi = CONSE =Ny (2.71)
QP—Oanf'—OPi = QOPN = QSN
H P-OnOff -OPi — H op, — H Sy

Mp—onog-ori = p, (QSN )

i=L2,..k,p
lori . . (2.72)
Or_onof—opiag :QSN XkOPL; i=12,...kp
ZtOPi
i=1
Oppilm” 10| Hp[m|x plkg | m’|x g[m/s”] (2.73)
Bis_opl KWV ] = X
3600 1000

E, s oplkWh]l= Py opl KW Xt p 1]
Bep_onog-oril KW 1= Fior, (kW]
E [kWh] = B, p [kW ]x 1, [h]

hP—-OnOff —~OPi hOP,
E

_ hS—OPi
Nep-onof-ori = E
hP—OnOff—OPi

i=12,..,k

sees Kop
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2.1.4 Drives

High-power pump applications are usually driven by either steam-turbine drive — especially in power
plants with low power variability and pump power consumption over 10 MW or electrical drives,
which will be further considered in this work and developed software tool.

Based on the employed flow control, drives are divided on to i) fixed speed drives consisting
of just induction machine and ii) variable speed drives consisting either of induction machine sup-
plied from frequency converter or fixed speed induction machine supplemented by slip coupling
based on hydraulic or magnetic principle. Both fixed speed and variable speed drives are possibly
supplemented by power supply transformer in cases of different induction machine and power sup-
ply network voltages or by gearbox especially for pump applications working into very high head

requiring high speeds over 3000 rpm.

2.1.4.1 Gearbox

For the purposes of energy efficiency evaluation of pump applications, gearbox is represented just
by efficiency, which is considered constant over the entire operating range - (2.74) and gearbox
ratio, which is expressed as ratio of pump and electrical motor nominal speeds - (2.75). Gearbox

operating speed is considered to be the input speed on the site of a drive (2.76).

e =760 | (2.74)
N6—opi =g,
i=L2,..k,
ny (2.75)
Ty =—
My
ng = [ncfopi] (2.76)
n
nciopl — P—OPi
e
i=12,..k,»

Page 44



Chapter 2

Single pump applications

2.1.4.2  Hydrodynamic coupling

Hydrodynamic coupling works as torque/speed
converter — see scheme in the Fig. 2.15. It is
powered with a constant speed induction ma-
chine and output speed is controlled by the fill-
ing of the machine by oil.

It is not possible to create general model
of the machine, because manufacturers adjust
each machine to specific conditions of each ap-
plications. However, for the purposes of energy
efficiency evaluation, pump suppliers provide
the efficiency characteristic presenting the ma-
chine efficiency in the relation to output speed.
In the figures Fig. 2.16 and Fig. 2.17, see sample
curves for a simple and advanced hydrody-
namic coupling.

Generally, hydrodynamic coupling effi-
ciency is get by linear interpolation of hydrody-
namic coupling efficiency referenced curve -
(2.77). When the curve from manufacturer is
not available then for simple hydrodynamic
coupling it is sufficient to use linear speed — ef-
ficiency curve defined by “virtual” zero-speed
efficiency offset and efficiency at nominal speed
- (2.78).

1 - Primary wheel

2 —Secondary wheel
3 —Box

4 — Cover of a control bar
5 —Oil Basin

6 — Oil Pump

7 — Control bar

£
g
[=
a
2
&

Speed [rpm]

1500

Fig. 2.16 Example of efficiency curve for simple hy-

drodynamic coupling

Efficiency [%]

A
Pl

Speed [rpm]

1250 1300
—t— Efficiency [%]

1400 1450

Fig. 2.17 Example of efficiency curve for advanced
hydrodynamic coupling

Nucy = Muc, (”) (2.77)
nHCR = I:nHCRj];”HCR = |:77HCRj (nHCRj )j|>] = 1’2""5msamples
Nuc-or = [77HC—0P1 ];i =1,2,....kpp
nHC*OPi = f‘[ntLinArray (nHCR ’”HCR 4 nG*OPi)
Nuc-op = [UHC—OPi];nHC-OPi = [nG—OPi] (2.78)
. Muc-op, ~Mhc-on,
Nrc-ori = Muc-op, +(’ —l)x = (01:0 _f)c =
i=L2,...ky
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2.1.4.3 Electrical motor

This chapter describes mathematical model of . _—
induction machine, which is the most commonly e
used for high-power pump and fan applications.
The objective of the model is to provide induc-

tion machine efficiency and power factor based

\\\\\\\‘ \\:\

l'"" LR ‘%\“‘ ‘\\ ““‘\\ “ “‘\\\\ i

I’I;II;;"';; ,"' ’.;...“ :s:{stts\“‘&\\‘{&‘h\\\k\\\\\\\\\\\\\\\\\\\\\
[
i

Overall efficiency [%]

on speed and torque on the shaft of the load.
The efficiency of an induction machine, when it

is speed controlled, depends upon two parame-

60

ters - motor stator frequency (or if you like syn- o o

Stator frequency [%] o o Load [%]

chronous speed) and mechanical (shaft) load. Fig. 2.19 Induction machine efficiency

See the Fig. 2.19 for efficiency of general induc-
. . Induction machine Power Factor
tion machine. ,
Similarly, induction machine power factor 1
depends upon stator frequency and mechanical _os

(shaft) load, which is proportional to slip fre-

Power factor [-]

quency —see Fig. 2.18.

Presented efficiency and power factor
characteristics used for the illustration of physi- >\ o o3
cal background have been calculated from an

1
. . 0
Slip frequency [Hz] 50 Stator frequency [Hz]

equivalent induction motor circuit diagram un- Fig. 2.18 Induction machine power factor
der steady state conditions. However, this ap-
proach cannot be used in practice, where the parameters of equivalent circuit diagram are usually
not available. Next, it is derived how to approximate motor efficiency and power factor from char-
acteristics at nominal speed, which are provided by electrical motor manufacturers into the curves
matching motor operating points under variable speed control.

Transformation of motor nominal curves into characteristics fitting for variable speed load are

valid under following assumptions:

e Frequency converter is operated under fixed Volt/Hertz control. The motor is not operated
in field weakening — thus, it is considered constant magnetizing current. Then, Joule’s loss
can be considered as dominant under motor nominal load.

e  Motor flux current remains unchanged under motor fixed Volt/Hertz control. Therefore, mo-
tor current is independent on motor speed and depends only on shaft torque - (2.79).

e Motor nominal electrical loss curve does not change significantly in relation to motor per
unit load ((2.83)).

e Motor mechanical losses do not significantly affect the overall efficiency. The change of me-

chanical losses with the speed is neglected and the nominal mechanical curve is considered
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in the operating speed range unchanged (i.e. the worst case is calculated, while calculating
efficiency for lower speeds).

e Motor apparent power is proportional to motor speed under motor fixed Volt/Hertz control
for speeds below motor nominal speed - (2.80).

Motor efficiency is then defined by (2.81). Motor losses are expressed by (2.82) and motor relative

load by (2.83). Motor power factor is then expressed in (2.84).

Ty = kgl (2.79)
USMNa)i UM
I, =1, = N My .
i o ol ol const. # f (a))
[sM = \/Isd2+lsq2 :>ISM :f(TM):f(p)
(2.80)
Sor (P)=3%U 0 xI(p)=3xU Xwﬂxl(p)=SMN (p)xwﬁ:s
N N
w
=8, (p)=5Sy, (P)x—
N
P, ~ ~ (2.81)
v P, =f(p)=mn,=1(p)
1-7, (p) (2.82)
AP, (p) =By, — =k, (p)<\1-n, (P
2 (2)= B, () B = (0)x (1, ()
I, Py (2.83)
p= = o
N Pva X
i a)MN
cos @, :g_M: dz p (284
M, (P)% Sy, (p)XwM
M

cosg = f(p.w)
For numerical model, input efficiency and power factor characteristics at nominal speed in relation
to motor mechanical power are required - (2.85). Then it is calculated the curve of motor torque and
the loss curve at nominal speed - (2.86) and (2.87). Motor losses at real motor operating points are
then interpolated according to (2.88) —i.e. loss curve is supposed to be independent on the speed,
but only on the motor torque. Efficiency at motor operating points is finally expressed in (2.89).

For purposes of power factor evaluation, motor apparent power at nominal speed ((2.90)) and
at motor operating points ((2.91) - (2.98)) is calculated. Equations (2.92) represents per unit load and
(2.93) stator frequency. Motor power factor at motor operating points is then (2.95), motor nominal
slip in (2.99).
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M, =My, (PMm); COS¢MN :COS¢MN (PMm); (2.85)

My =| g (P )| : cospy, =[cosdy, (P, )] ¢ 57120my

ro. (2.86)
TMN = |:TMJ (PMmj )] ’J_l’z""9msamples
P,
Ty = n ?
Yx 21w
60
T, (2.87)
APMN = |:APMNj (TMNJ ):| ;J:172""’mmmples
PMm j I)MmV j
AR, =—* (1 vy ) =—=Py,
77MNj Myj
T, 2.88
APy op :[APM—OPi(TM—OPi ):' ;i=1,2,. .k 0p ( )
APy op = f]ntLinArray (TMN > APMN ’TM—OPi)
T.._ 2.89
Mu-op :[UM—OPi] =12,k p ( )
n _ Pyori
M-OPi —
B_or + ARy _op,
T, (2.90)
SMN = |:SMN] (PMmNj ):| ;J:192"“’mmmples
P, .
SM’Vj = o
‘ My, % COS ¢MN j
T .
Sror = [SM—OPi] =12,k p (2.91)
Sosr—or
Syr—opi = Jmtinsplines (T vy oSy > Por ¥ Ty, )X }4—013
sMy
T, . . (2.92)
DPop = }; O =12,k
MN
So—omHz] = frm(ez)—om [Hz]+ f,_op[HZ] (2.93)
Ry _op: [ TP
f;’m(e/)foPi[HZ] = %X Ny
Joori = 1, X Poris [, = gy ¥ Say s 151250 0kop
n, [rpm|xn_[—] (2.94)
_ HZ _ N Pp
N s TN Sy, 2] 60
MN /s f,,[Hz]
05y op =[COShy _om ]| 3 i=1,2,0 k0 (2.95)
Prm-opi

COSPy op; = S
M-0Pi X O yM_opi
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2.1.4.4  Frequency converter

There are several available converter topologies (e.g. Fig. 2.20) and different power devices able to
be chosen as well as possibilities of their control. Hence, it is impossible to propose general mathe-
matical model of the converter providing a high accuracy results. The most optimal way is to obtain
needed information concerning FC efficiency and power factor in demanded range of power from
the FC manufacturer as an efficiency characteristic in the relation to the load apparent power. If it is
not possible to get any information from FC supplier, it is possible to consider its efficiency as con-
stant value, because it changes only about 2% in a wide power range and even less in an application
with a high static head, i.e. low frequency variability. If the converter is not specified at all, the effi-
ciency value can be chosen e.g. in a range of 96 - 98,5%. Frequency converter power factor is usually
considered one.

Numerical model consists of following equations. Equation (2.96) represents input frequency
converter characteristics. Frequency converter efficiency and power factor are then interpolated ac-

cording to (2.97) and (2.98). Frequency converter input apparent power is then (2.99).

Nee =Mrc (SFCout ); COS P = COS Py (SFCaut ); (2.96)

r T
Hee = [77Fcf (SFcOut—j)] ; COSPrc = [cos ¢FC{)ut—j (SFCout—j)] > le’z""’mwmples

T 2.97
Nrc.or = [UFC—OPi] ( )
UFC—OPi = f‘lntLinArray (SFCtmt ’”FC > SM—OPi )
i=1,2,....kp
T 2.98
COSPrc.op = [COS ¢FC—OP[] ( )
COS Prc_opi = f]ntLinArmy (S Feout»€OSPrc > sM—OPi)
i=1,2,...k,p
_ T 2.99
S rin-op = [SFCin—OPi] ( )
S _ By-opi
FCin-OPi —
Mi-opi X Mec-opi X COSPrc_op:
=1,2,...k,p

2.1.4.5 Transformer

K 4
K 1

T

1+

Fig. 2.20 Examples of conventional frequency converter topologies
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The efficiency of a transformer is dependent upon the load of a transformer and upon the character
of the load - power factor [40]. Efficiency is generally expressed by (2.100).
Losses of transformers are divided into no-load losses independent on the load and load

losses. These are generally available in a transformer datasheet (2.101).

e e e e
99,14%
98,76%

£
.
o
c
Q
S
&

95,30% Apparent power [%]

20% 40% 60% 80% 100% 120%

Fig. 2.21 Transformer efficiency curve

’7 — PTout — PTout — ST ><(“’OS¢TL (2100)
" P, P, +AP. S.xcosg, +AP,
AP, = AP, + AP, xL; (2.101)
L - Sy (2.102)
S

From the information about the load and transformer no-load and load losses and power factor of
the load, it is possible to draw the efficiency curve ((2.100)). Power factor equals usually one when
supplying frequency converter.

It is also possible to derive transformer optimal load where the transformer works with best
efficiency. This is important especially while dimensioning the transformer. If we differentiate the
efficiency expression (2.100) with respect to the per-unit load ((2.102)), we get the relation for trans-

former best efficiency load point - (2.103). From (2.100) - (2.103) we get the maximal efficiency value
- (2.104) [40].

. AP, (2.103)
TBEP —
AR,
AB, xS, xcosdy, (2.104)

nmax =
AP, xS, xcosd, +2xAF, x JAF,

As we can see from the final efficiency curve (Fig. 2.21), it is optimal to choose the transformer
size so that the real load of the transformer is within the range of 50%-80% of the transformer nom-
inal load. Transformer final efficiency at operating points is then in (2.105). The transformer load (for

apparent power and power factor) is considered frequency converter in case of VFC or electrical
motor in case of CFC.
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1, =1, (S,,,c084, ); (2.105)

T
Hr.op = [UT—OPI (STL ,COS ¢TL )]
_ SIZ—OPI' X COS ¢TL—OPf . _1 2 k
77T70Pi - s 1=1,2,.., oP
TL-OPi
S XCOS@P, op + APT( + APT X 7S

TL-OPi
7,

Concerning power factor of the transformer, it is further considered total power factor of trans-
former including transformer load. The derivation of transformer power factor is based on T-shape
equivalent circuit diagram for steady states according to Fig. 2.22. Equations (2.106) - (2.109) express
calculation of equivalent circuit parameters. Equivalent impedance of transformer including load is

thenin (2.110) and power factor in (2.111) or (2.112).

2
AP, U R (2.106)
(2.107)
o (2.108)
Ry =——— AR, = AR,
Ty
v (2.109)
X, =—»
zoxSTN
_ - 2.11
zeq=(1el+‘4f;3?j+ .(XJI+B§ A2Dj (2.110)
C*+D C'+D

A=R. (R, +R,)-X,(X,, +X,)
B=R, (X, +X,)+X,(R,"+R,)
C=R,"v*R, + R,
D=X_,+X,+X,

r-- - - - =-------=--=- =- == |
Zeq R, JX o X' R,

: I

I I

g| | Res X, 7. |z
I I

I I

L e e e e e e — 4

Fig. 2.22 Transformer equivalent circuit diagram
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in(Z..) (2.111)
cos @, = cos| tan”' —
Re(Zeq)
cos @, =cosd, (Zq (Rl,XUI,RZ',XGZ',RFE,XW,ZL )), (2.112)

COSProp = [cos D omi (Zq (EL—OPi ))T

2
_ UL—OPi

Z, op == =12, Ky

L-OPi

2.1.5 Total evaluation

For total energy consumption evaluation, it is required hydraulic power of pump, evaluated effi-
ciency of pump and complete drive chain and operating time for each operating point. Total effi-
ciency is get according to (2.113) from particular efficiencies of evaluated application components
(brackets denotes optional components of evaluated application). Total power consumption in op-
erating points including auxiliary power consumption is then in (2.114) and (2.115). Total annual
energy consumption based on application operating profile is finally in (2.116) and accordingly CO,

emissions in (2.117).

M = Mo XMy X[ )X [1uc %1000 X[ 11 ) X[ 107 (2.113)

Niotar-op = p-op-*pc-op-* [’IG-OP ] X [”HC-OP ] XMy op- % [’TFC-OP ] -X [’TT-OP]

B .
PcTala/ = = +PAux (2 114)
ﬂTotal
P rva-or = Pir-or-! Mrar-or + P
PAux = [PAuXIIC ] + [PAu,\'FC ] + PAuxM + [PAuxT ] (2115)
E. op = Pipor-! Nroar-or->*top (2.116)
k, k,
o (P o [kW o,
[hp-opx[”]x topi[h]} +3 o [N]x Py [KW]
E,;,,,IMWh/ year] = A= Trout-ori T
CO,y_pplt/ year] = ke [kg/ kWh]x E 7, [MWh/ year] (2.117)

From economical indicators, it is evaluated net present value of an investment according to (2.118)
and payback period generally defined as in (2.119). It is considered one-time investment at the be-

ginning and constant interest rate and annual savings over the whole service life.

NPV =PV -C, ., (2.118)
Nyears 1

NPV = Z CAnSaving.v Xﬁ - Clnvest
k=1 (1 +1i, )

C pusaings Lcurrency] = E g . [IMWh]x1000x C[currency/ kWh]

Page 52



Chapter 2 Single pump applications

L payBack (2 119)
tPayBaz‘k = tPayBaz‘k | Clrgﬂnwfk - COu[lowfk ) - Clnvesl > 0
k=1
C]nﬂuw = EcSavingS x CE
COutflaw = Clnvext x lR

For economical comparison of two variants of flow control technique (CFC and VFC) differential
and/or relative values are substituted in former relations according to (2.120) to get relative com-

parison.

(2.120)

cSavings cSavings

E

cSavings—CFC cTotal-CFC ~— T cTotal -VFC >

=AC

Invest

AE E

cSavings—VFC = Letotal-vic

E

cTotal-CFC

C

Invest

ACInvesthFC = ClnvesthFC - ClnvesthFC;ACInvesthFC = ClnvesthFC - C]nvesFCFC
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2.2 Model verification - Case studies

In this chapter, two typical case studies of hydraulic systems are presented to show complex pump
optimization process employing variable speed flow control in comparison to other flow control
techniques for typical high-power pump applications and to verify developed mathematical models
on particular applications. Simultaneously, it is presented the performance and functionality of soft-
ware tool Medium-Voltage Drive Pump Save 2012, which has been developed within this work, based
on the mathematical models described in the Chapter 2.1. In the Fig. 2.23, see the main screenshot
of the software tool. More in-detail information about the software tool and its features have been
published especially in following international conferences: [A4, A5, A6, A7] and research reports
[A39, Adl, A42, A43, Ad4, A45]. Brief summary is available in Appendix 1 — MVD Pump Save 2012.
The case studies below have been selected considering to present not only typical high-power
pump applications suitable for variable speed flow control, but also to present selected important
case study factors, that might fundamentally influence technical and economical parameters and/or
payback period of the installations. Therefore, every case study is presented in two variants, where
in each variant one particular change has been made, to present the influence of the change directly
next to each other. In the first case study of boiler feed pump application, it is presented identical
case once with hydraulic system with constant pressure control and second with hydraulic system
with linear pressure control. The second case study show the water circulating pump application
with high flow variability with weighted average of flow about 53% in the first variant and weighted

average of flow about 78% in the second variant.

Project Control & Settings Compared Flow Control (CFC) 5 Economical Data
ProjectID:  ProjectiD
Customer: Customer Name “
Calculated by: Designer Name
) —
Time Stamp:  TimeStamp I
N
=<4
Economical Results (VFC to CFC)
System Data
Annual Savings with VFC: x1000 €
m Payback Period with VFC: years
250 Mepium VoLTAGE DrIVE Pump SAVE 2012 20 .
Net Present Value with VFC: x1000 €
Technical Results 11
FACULTY OF ELECTRICAL “ l. I.
P incineeaing CFC Energy Consumption: 45788 MWh/year
UNIVERSITY
OF WEST BOHEMIA " I. I. VFC Energy Consumption: 33907 MWh/year

Pump Data

Operating Profile

1

I 100% = 8590h

o |
e |

Flow [%]  Operating Time [3%]

Power and productivity for a better world

Motor Data

Min. / Opt. Power:

Frequency converter

Power Supply

CFC VFC

5768/6344 5756/6331 kW

000

973 97,1

® RICE, University of West Bohemia, 2012.

Energy Savings with VFC: 26%= 11881
CO, Reduction with VFC: 5941

MWh/year
t/year

Annual Energy Consumption & Saving Potential 12
Energy [MWh]

45788
33907

Energy savings [%]

50% 55% 60% 65% 70% 75% 80% 85% 90% 95% 100%

Flow [%]

Fig. 2.23 Medium-Voltage Drive Pump Save 2012 — Main screen
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2.2.1 Case study 1 — Hydraulic system with high ratio of static head

This case study presents a boiler feed pump application in thermal power plant —i.e. a pump appli-
cation with a high ratio of head versus flow. The case study is presented in two variants to present
the behavior and suitability or no suitability of evaluated flow control methods for this type of pump
applications in relation to static head control and to present the performance of developed mathe-
matical models under different load conditions. The first variant represents the hydraulic system
with a control on a constant static head and the second variant represents the identical hydraulic

system with a linear control of static head.

2.2.1.1  Hydraulic system & Operating profile
The case study hydraulic system parameters are summarized in the Table 2.1. The Fig. 2.24 shows
the operating profile — statistical distribution of flow in time. Figures Fig. 2.25 and Fig. 2.26 presents

the hydraulic system curves including operating range and/or operating points.

Table 2.1 — Case study 1, Hydraulic system

Hydraulic system Value -Var. 1 H Value —Var. 2

\ Hydraulic system H

Nominal flow 650 650 m3/h
Nominal total head 2650 2650 m
Nominal dynamic head 80 80 m
Nominal static head 2570 2570 m
Zero flow static head 2570 0 m
Static / referenced head control constant linear

Liquid density 998,2 998,2 kg/m?3
\System operating data H

Annual running time 8590 8590 h
Flow operating range 50-100 50-100 %
Weighted average of flow 79,30 79,30 %
Weighted average of hydraulic system power 78,59 63,87 %

Operating time [%]

Fig. 2.24 — Case study 1—V1 and V2,
Operating profile
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2.2.1.2 Pump

It is employed centrifugal pump with the parameters according to Table 2.2. Pump calculated real
operating point (see Table 2.3) is very close to Pump Best Efficiency Operating Point (BEP). Fig. 2.25
and Fig. 2.26 present approximated pump performances curves from nominal speed to speed range
covering demanded flow range employing Variable Speed Control (VSC) for the case study variants.
See also the operating ranges and points for VSC and passive flow control methods. Notice, that
throttling operating range keeps practically unchanged, however operating range for bypass flow
control, changes dramatically in relation to static head control. Bypass flow operating range also
exceeds recommended pump operating range and it is clearly not suitable for this combination of
pump of hydraulic system and pump. Notice the significantly lower speed variation for the variant
of hydraulic system with high constant static head against the variant with linear static head control
- Fig. 2.27 and Fig. 2.28. Also, see a slightly different real nominal operating point for both variants
resulting from the change of hydraulic system curve - Table 2.3
Table 2.2 — Case study 1, Pump

‘ Value—Var. 1,2 ‘ Unit

Nominal speed 4050 rom
Minimal flow operating range at nominal speed 156,5-782,5 m3/h
\Pump BEP \ \

Flow 626 m3/h
Head 2622 m

Efficiency 80 %

Hydraulic power 4 463 kW
Mechanical / shaft power 5579 kw
Torque 13 154 Nm

Table 2.3 — Case study 1, Real nominal operating points

Pump & Hydraulic system \ Value—Var. 1 \ Value —Var. 2 \
| Real nominal operating point | | |
Flow 614 633 m3/h
Head 2641 2579 m
Efficiency 79,83 79,90 %
Hydraulic power 4 407 4442 kW
Mechanical / shaft power 5520 5559 kW
Torque 13015 13 108 Nm
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Fig. 2.25 Case study 1 —V1,
Pump & Hydraulic system curves
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Fig. 2.28 Case study 1 —-V2,
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Pump performance curves and operating points under VSC

Fig. 2.29 - Fig. 2.36 show approximated pump performance curves — torque, efficiency, hydraulic
power and mechanical power or power consumption — from curves at nominal speed to curves at
variable speed according to VSC. See especially the positive effect of variable speed control for high-
speed ranges - Fig. 2.32 — where the efficiency keeps close to nominal operating point efficiency
against the efficiency of pump with low operating range - Fig. 2.31 (hydraulic system with constant,
high static head). Derivation of pump torque (Fig. 2.29 and Fig. 2.30) and mechanical or shaft power
(Fig. 2.35 and Fig. 2.36) at pump operating points is important for further proper approximation of
especially electrical motor efficiency.
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Fig. 2.29 Case study 1 —V1, Pump VSC torque Fig. 2.30 Case study 1 — V2, Pump VSC torque
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Fig. 2.31 Case study 1 — V1, Pump VSC efficiency  Fig. 2.32 Case study 1 —V2, Pump VSC efficiency
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2.2.1.3  Flow control

Below see the parameters of throttling valve (Table 2.4) and hydrodynamic coupling (Table 2.5), em-
ployed in the case study. Note, that inclusion of throttling valve into hydraulic system shifts the nom-
inal operating point, which does not allow reaching exactly comparable hydraulic parameters in re-
lation to other flow control techniques. However, the loss on control valve is included in the control
efficiency and therefore final comparison to other flow control techniques is still relevant.
Hydrodynamic coupling efficiency curve (Fig. 2.37) is set to simple linear curve just as a sample
device. Nevertheless, it should be always used hydrodynamic performance curve generated directly

from manufacturer for specific load conditions, when available.

Throttling valve

Table 2.4 — Case study 1, Throttling

Throttling \ Value—Var. 1 \ Value —Var. 2 Unit
| Throttling valve

Pressure drop at nominal flow ___

\ Nominal operating point
Nominal flow 617 633 m3/h
Nominal head 2637 2574 m

Hydrodynamic coupling

Table 2.5 — Case study 1, Hydrodynamic coupling

Hydrodynamic coupling ] Value —Var. 1,2

Nominal speed 2989 rom
Nominal efficiency 94,0 %
Auxiliary losses 0 kW

Efficiency [%]

Speed [rpm]

0 500 1500
—t—Efficiency [%]

Fig. 2.37 Case study 1 —V1 and V2,
Efficiency curve for hydrodynamic coupling
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2.2.1.4 Electrical motor & Gearbox

Electrical motors are specified separately for drive with frequency converter (VFC) and fixed speed
drive due to different demand on power and voltages. Electrical motor for Compared Flow Control
(CFC) methods has to be designed to higher power to cover additional losses. However, purposely
has been chosen power plant with bus voltage of 10 kV to be able to take the advantage of connec-
tion of fixed speed electrical motor directly do electrical bus in contrast to electrical drive with fre-
guency converter, which requires an additional transformer. Nominal parameters of both electrical
motors are summarized in Table 2.6, below.

Two gearboxes are employed with different gearbox ratio due to use of different electrical
motors, however the efficiency is set for both identical — 97 % (Table 2.7). In real gearboxes, the
efficiency would likely slightly vary. However, in relation to efficiency of other drive chain compo-
nents, this effect could be neglected.

Table 2.6 — Case study 1, Electrical motor

Electrical motor ’ CFC VFC

Value -Var. 1,2 | Value -Var. 1,2

\ Nominal parameters H

Mechanical power 7100 6 300 kW
Voltage 10 000 6 000 \
Current 458 701 A
Frequency 50 50 Hz
Speed 2989 1492 rpm
Number of poles 2 4 -
Efficiency 97,3 97,1 %
Power factor 0,92 0,89 -
Apparent power 7932 7 290 kVA
Shaft Torque 22 683 40322 Nm
Slip 0,004 0,005 -
Auxiliary losses 0 0 kW

Table 2.7 — Case study 1, Gearbox

Value -Var. 1,2 | Value -Var. 1,2
Gearbox ratio 1,355 2,714 -
Gearbox efficiency 97,0 97,0 %
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Electrical motor for Variable Frequency Control (VFC) — VSC with Frequency Converter

Electrical motor datasheet efficiency and power factor for nominal speed are specified in the Fig.
2.38. Fig. 2.39 and Fig. 2.40 show then detailed view on approximated motor efficiency and power
factor for the operating speed range according the algorithms described in the chapter 2.1.4.3. Es-
pecially for the case of higher operating range, the difference between performance curves for nom-
inal speed and variable speed is very noticeable and using just performance curves for nominal speed
can clearly lead to significant error in final evaluation.

Fig. 2.41 - Fig. 2.44 characterize motor load at evaluated operating points. Fig. 2.41 and Fig.
2.42 present load or motor mechanical power and torque and Fig. 2.43 and Fig. 2.44 show the speed
progress over the operating range.
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Fig. 2.39 Case study 1 —V1, Fig. 2.40 Case study 1 —V2,
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Electrical motor for Compared Flow Control (CFC) — VSC with Hydrodynamic Coupling,
Throttling, Bypass and On-Off control
For Compared Flow Control methods (CFC) — VSC with Hydrodynamic Coupling, Throttling, Bypass

and On-Off control identical electrical fixed speed motor with following nominal speed efficiency and
power factor curves is considered - see Fig. 2.45. The motors speed is considered constant over the
entire operating range - Fig. 2.46.

Fig. 2.47 - Fig. 2.50 show motor performance curves — efficiency, power factor and torque and
mechanical power - while driving variable speed controlled pump with hydrodynamic coupling. It is
possible to observe similar performance curves to VSC with frequency converter due to the character
of VSC. However, see the difference in motor efficiency and power factor — VFC motor efficiency
shifted slightly down in opposite to VFC power factor (Fig. 2.39 and Fig. 2.40) compared to CFC motor
(Fig. 2.47 - Fig. 2.48).

Fig. 2.51 - Fig. 2.54 show motor performance curves — efficiency, power factor and torque and
mechanical power - while driving fixed speed pump with flow control by throttling. See the practically
identical performance curves independent on the change of hydraulic system static head control
(variant 1 compared to variant 2). The tiny different is given just by a slightly different nominal oper-
ating point.

Fig. 2.56 - Fig. 2.58 are related to bypass pump flow control. See especially the Fig. 2.57, which
shows the paradox of increasing power consumption with decreasing of flow (for lower operating
points). This is caused because of the derivative of pump curve at the operating range, and clearly
indicates the no suitability of this technique of flow control in combination with selected pump and
hydraulic system.

On-Off control operates just at nominal operating point common e.g. with nominal operating

point of bypass control, therefore it is not explicitly presented.
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2.2.1.5 Frequency converter

For the purposes of the test case study, frequency converter is considered with constant efficiency

and power factor over the entire operating range — see Fig. 2.59 and Table 2.8 for details.

Table 2.8 — Case study 1, Frequency converter

Frequency converter \ Value—Var. 1,2 \ Unit
\ Input nominal FC parameters

Input voltage 6 000 \
Power supply frequency 50 Hz
Efficiency 97,5 %
Nominal power factor 1 -
Apparent power 8923 kVA
Current 859 A
\Output FC parameters \ \
Nominal continuous apparent power 8 700 kVA
Frequency range Hz

Auxiliary losses 0 kw
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Power factor [-]
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Fig. 2.59 Case study 1 —V1 and V2,
Frequency converter efficiency and power factor
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2.2.1.6  Transformer

Transformer is included in both case study variants just for VFC to adapt 10 kV bus voltage to input
voltage 6 kV of frequency converter. Transformer parameters are summarized in the Table 2.9. Real
operating points have been then calculated from the knowledge of equivalent circuit diagram (see
chapter 2.1.4.5) and apparent power and power factor of the load —i.e. electrical motor for VFC. Fig.
2.60 and Fig. 2.61 show the transformer operating points supplying electrical motor at operating

points according to Fig. 2.39 respectively Fig. 2.40.

Table 2.9 — Case study 1, Transformer

Transformer \ Value—Var. 1,2 \ Unit
\ Nominal parameters \ \
Primary voltage 10 000 \
Secondary voltage 6 000 \
Frequency 50 Hz
Efficiency 99,8 %
Nominal power factor 0,999 -
\ Other parameters \ \
Short circuit voltage 6 %
No load current 0,5 %
No load losses 22 kw
Load losses 90 kw
Aucxiliary losses 0 kw
100,0% e-e-e-t-t-t—t—t—2-2—¢ ! 100,0% t—t—t—8—8—8—8—8 —8t —t——8
* o = =
99,8% -5 5 99,8% -5 5
c B 2 B
99,6% - . 8 99,6% - .© £
L 5 2 5
99,4% - i 3 99,4% - i 3
[- 9 [- 9
99,2% , 99,2%
99,0% 99,0%
98,8% 98,8%
98,6% g 98,6%
Apparent output power [kVA Apparent output power [kVA
98,4% pp putp [kVA] ’ 98,4% pp putp [kVA]
1000 2000 3000 4000 5000 6000 7000 1000 2000 3000 4000 5000 6000 7000
OP Efficiency VFC [%] =—¢=— OP Power Factor VFC OP Efficiency VFC [%] =—¢=— OP Power Factor VFC
Fig. 2.60 Case study 1 — V1, VFC Transformer effi- Fig. 2.61 Case study 1 — V2, VFC Transformer effi-
ciency and power factor operating range ciency and power factor operating range
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2.2.1.7 Technical evaluation

This chapter summarizes the results of technical evaluation of both variants of the case study. For
each variant of case study, it has been processed evaluation of energy consumption and/or energy
savings, total energy efficiency comparison with variable frequency drive and detailed breakup of
energy efficiency chain for all throttling, bypass, on-off control, VSC with hydrodynamic coupling and
VSC with frequency converter at each operating point according the operating profile.

Considering throttling flow control against VSC with frequency converter, the savings differ
very significantly based on the type of static head control — see Fig. 2.62 and Fig. 2.63. We can see
that VSC with frequency converter have a clear advantage in the second variant with linear static
head control, especially for lower operating points, due to higher speed variability. At nominal oper-
ating point, the efficiency of VFC is worse due to additional loss in frequency converter and trans-
former against the fixed speed CFC. See that energy consumption of throttling flow control are al-
most identical for both variants of hydraulic system. This explains the principle of throttling flow
control - see chapter 2.1.3 — and confirms that hydraulic system static head control doesn’t influence
the energy consumption although total control efficiency gets naturally lower and advantage of VFC
increases for hydraulic systems with zero or linear static head control.

Bypass flow control results are summarized in Fig. 2.64 and Fig. 2.65. It has been stated already
in design phase, that bypass flow control is not suitable for this combination of pump and hydraulic
system neither for variant with constant hydrostatic head nor for variant with linear static head con-
trol. Similarly like in variant with throttling, bypass provide good results just around nominal operat-
ing point for both variants.

On-Off is not usable for boiler feed pump, however have been included in the case study to
see the behavior on a general hydraulic system with a high static head. Results for both variants of
hydraulic systems are summarized in Fig. 2.66 and Fig. 2.67. Interestingly, for hydraulic system with
a high static head performs on-off control significantly better than other both passive and active flow
controls while having the least investment costs. However, the advantage is lost at hydraulic systems
with zero or linear static head curve. Moreover, on-off control is usable just in systems with a capac-
ity and/or tank and allows controlling of just the average flow quantity, not the real time flow quan-
tity.

Finally, VSC with hydrodynamic coupling and VSC with frequency converter are to be com-
pared. Variant of VSC with HC is summarized in Fig. 2.68 and Fig. 2.69 and variant of VSC with FC is
summarized in Fig. 2.70 and Fig. 2.71. We can see that independently on the type of hydraulic system
static head control, both controls performed well. Control efficiency equals to one, hence the main
difference is especially in the efficiency of hydrodynamic coupling. Although variant with VFC has
additional transformer and frequency converter, it is still more efficient variant than variant with
hydrodynamic coupling. However, it is necessary to mention, that for reliable conclusion, hydrody-
namic coupling would have to be designed directly by manufacturer for this specific case and there-

fore this result cannot be generalized.
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Variable speed flow control with Frequency converter
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Chapter 2 Single pump applications

2.2,.1.8 Summary

Table 2.10 and Table 2.11 summarize the main technical and economical indicators. The in-
vestment costs are commonly the subject of business secret and therefore, could not be included in
the calculation. Energy cost, interest rate and service life have been set to constant for both VFC and
CFC to present comparison under identical conditions, however especially the service life and addi-
tional operating costs may significantly differ and has to be accounted when evaluating a commercial
case study.

From technical results, it is presented energy consumption and savings of energy and CO; of
variant with frequency converter (VFC) in comparison to other flow control techniques.

From economical parameters, annual savings and Net Present Value (NPV) of variant with fre-
guency converter against other variant have been calculated. Payback period is zero due to no in-
vestment costs included in the submission.

Excepting the on-off control technique in the second variant, which couldn’t be applied in real
boiler feed pump application, combination of VSC with drive with frequency converter performed
best from evaluated flow control methods. The net present value of variant with VSC reach in this
high-power pump application hundreds of thousands euro, based just on the energy savings against
especially passive flow control methods. This safely covers all the investment and other operating
costs and would be the most suitable choice from both technical and economical point of view for
the both case study variants.

Focusing on VS flow control, it is clearly observable the steeply increasing advantage of VS
flow control with increasing of flow and/or speed range against all passive flow control methods. The
speed range is highly influenced by static head control as presented in the case study variants — see
Fig. 2.43 and Fig. 2.44 and Fig. 2.76 from second case study for zero static head having identical flow
range 50% - 100% of flow. This is caused mainly due to significantly higher efficiency of pump em-
ploying VSC — see Fig. 2.31 and Fig. 2.32 - which has the essential weight in the whole application.
Nevertheless, variable speed control has clearly negative effect on efficiency of induction machine
against fixed speed machine (Fig. 2.39 and Fig. 2.40). Moreover, the positive effect of VSC is espe-
cially close to nominal operating point degraded by additional losses caused by frequency converter
and transformer — see in detail results of efficiency progress over the operating range for all drive

chain components and control techniques (Chapter 2.2.1.7).
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Table 2.10 — Case study 1, Summary V1

VSC with
Throttling ’ Bypass On-Off HC
\Economical Data
Total investment costs 0 0 0 0 0 €
Additional operating cost 0 0 0 0 0 €/year
Energy cost 0,021 0,021 0,021 0,021 0,021 €/kWh
Interest rate 5,0 5,0 5,0 5,0 5,0 %
Service life 15 15 15 15 15 years
\Technical Results
Energy consumption 44 985 39 809 43 310 41910 | MWh/year
Energy savings with VFC 3075 8 858 -2101 1400 - MWh/year
CO;, Reduction with VFC 1538 4429 -1 050,5 700 - t/year
\ Economical Results — VFC to CFC
Annual savings 64,6 186,0 -44,1 29,4 - x1000 €
Payback period 0 0 0 0 - years
Net Present Value 670 1931 -458 305 - x1000 €

Table 2.11 — Case study 1, Summary V2

VSC with
Throttling ’ Bypass ’ On-Off ’ HC
\Economical Data
Total investment costs 0 0 0 0 0 €
Additional operating cost 0 0 0 0 0 €/year
Energy cost 0,021 0,021 0,021 0,021 0,021 €/kWh
Interest rate 5,0 5,0 5,0 5,0 5,0 %
Service life 15 15 15 15 15 years
\Technical Results
Energy consumption 45 677 40 098 35368 33888 | MWh/year
Energy savings with VFC 11789 14 282 6348 1480 - MWh/year
CO; Reduction with VFC 5894 7141 6210 740 - t/year
\ Economical Results — VFC to CFC
Annual savings 247,6 299,9 130,4 31,1 - x1000 €
Payback period 0 0 0 0 - years
Net Present Value 2570 3113 1354 323 - x1000 €
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Chapter 2 Single pump applications

2.2.2  Case study 2 - Hydraulic system with zero static head

This case study presents cooling water pump application —i.e. a pump application with a low ratio of
head versus flow and zero static head. The case study is presented brief form compared to the first
case study to present the second most typical high-power application and especially the influence of
flow range variability in systems with zero static head on suitability or no suitability of evaluated flow
control methods. Flow range of the first variant is from 50% to 100% of flow with weighted average
of flow 79,3% of nominal flow and weighted average of hydraulic system power 53,07% of nominal
power. In the second variant, flow range is from 80% to 100% of flow with weighted average of flow

91,72% of nominal flow and weighted average of hydraulic system power 77,94% of nominal power.

2.2.2.1 Hydraulic system & Operating profile
The case study hydraulic system parameters are summarized in the Table 2.12. The Fig. 2.72 and Fig.
2.73 shows the operating profile for the case study variants. Fig. 2.74 and Fig. 2.75 present the hy-

draulic system curves including operating range and/or operating points.

Table 2.12 — Case study 2, Hydraulic system

Hydraulic system Value -Var. 1 H Value —Var. 2

\ Hydraulic system H

Nominal flow 11632 11632 m3/h
Nominal total head 17 17 m
Nominal dynamic head 17 17 m
Nominal static head 0 0 m
Static / referenced head control constant constant

Liquid density 998,2 998,2 kg/m?3
\System operating data H

Annual running time 8590 8590 h
Flow operating range 50-100 80-100 %
Weighted average of flow 79,30 91,72 %
Weighted average of hydraulic system power 53,07 77,94 %

Operating time [%] Operating time [%]

Fig. 2.72 Case study 2 - V1, Fig. 2.73 Case study 2 —V2,
Operating profile Operating profile
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2.2.2.2 Pump

It is employed centrifugal pump with the parameters according to Table 2.13. Pump Best Efficiency
Operating Point (BEP) equals to hydraulic system nominal operating point - see Table 2.14. Fig. 2.74
and Fig. 2.75 present approximated pump performances curves from nominal speed, to speed range
covering demanded flow range employing Variable Speed Control (VSC) for the case study variants.
See also the operating ranges and points for VSC and passive flow control methods. Bypass flow
control exceeds pump recommended maximum flow, however have been included to present the
behavior under identical pump and hydraulic system conditions. Nevertheless, in real applications,
it is not likely to use identical pump for both throttling and bypass. Fig. 2.76 and Fig. 2.77 show the
speed operating range for the operating profile flow range. We can see, that in hydraulic systems
with zero static head, the speed is simple directly proportional to flow beginning from zero point in
contrast to former hydraulic system with a positive component of static head, where in zero flow
point certain pump speed producing pump head equal to system static head is required.
Table 2.13 — Case study 2, Pump

‘ Value—Var. 1,2 ‘ Unit

Nominal speed 370 rpom
Flow operating range at nominal speed 5816—-11632 m3/h
\Pump BEP \ \

Flow 11632 m3/h
Head 17 m

Efficiency 79,60 %

Hydraulic power 538 kW
Mechanical / shaft power 676 kw
Torque 17 434 Nm

Table 2.14 — Case study 2, Real nominal operating points

Pump & Hydraulic system Value —Var. 1,2 Unit
\ Real nominal operating point

Flow 11632 m3/h
Head 17 m
Efficiency 79,60 %
Hydraulic power 538 kW
Mechanical / shaft power 676 kW
Torque 17 434 Nm
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Fig. 2.74 Case study 2 — V1,
Pump & Hydraulic system curves

Speed [rpm]

186 rpm Flow [m3/h]

150
5000 6000 7000 8000 9000 10000 110C0O 12000
=—t¢=— Pump speed & Operating range
Fig. 2.76 Case study 2 — V1,
Pump VSC speed range

Flow [m?/h]

10000 15000 20000
System curve
Pump VSD flow restriction
—g— \/SC operating range
Pump nominal curve
—t— Throttling operating range
Bypass operating range
s PUMP Variable Speed Curves

Fig. 2.75 Case study 2 - V2,
Pump & Hydraulic system curves

370 rpm
Laet
=
£
£
£
297 rpm ot

Spaed [rpm]

Flow [m*fh]

GO0D 7000 3000 9000 10000 11000 12000
=—t=—Pummp speed & Operating range
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Pump performance curves and operating points under VSC

Fig. 2.78 - Fig. 2.81 show approximated pump performance curves for pump efficiency and hydraulic

power from curves at nominal speed, to curves at variable speed according to VSC. See, that pump

efficiency keeps constant and/or nominal over the entire operating range, employing VSC in hydrau-

lic systems with zero static head independently on the speed range.
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Fig. 2.78 Case study 2 — V1, Pump VSC efficiency
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Fig. 2.80 Case study 2 — V1,
Pump VSC hydraulic power
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Fig. 2.79 Case study 2 — V2, Pump VSC efficiency
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Fig. 2.81 Case study 2 - V2,
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2.2.2.3  Flow control

Below see the parameters of the throttling valve (Table 2.15) and the hydrodynamic coupling (Table
2.16), employed in the case study. Note, that inclusion of throttling valve into hydraulic system shifts
the nominal operating point, which does not allow reaching exactly comparable hydraulic parame-
ters in relation to other flow control techniques. However, the loss on control valve is included in the
control efficiency and therefore final comparison to other flow control techniques is still relevant.
Hydrodynamic coupling efficiency curve (Fig. 2.82) is set to simple linear curve just as a sample
device. Nevertheless, it should be always used hydrodynamic performance curve generated directly

from manufacturer for specific load conditions, when available.

Throttling valve

Table 2.15 — Case study 2, Throttling

Throttling \ Value—Var. 1,2 \ Unit
| Throttling valve |

Pressure drop at nominal flow

‘Nominal operating point ‘
Nominal flow 11 632 m3/h
Nominal head 16,5 m

Hydrodynamic coupling

Table 2.16 — Case study 2, Hydrodynamic coupling

Hydrodynamic coupling ] Value —Var. 1,2

Nominal speed 495 rom
Nominal efficiency 94 %
Auxiliary losses 0 kW

Efficiency [%]

Speed [rpm]

100 200 300 400 500
— Efficiency [%] ¢ Operating Points

Fig. 2.82 Case study 2 —V1 and V2,
Efficiency curve for hydrodynamic coupling

Page 81



Chapter 2 Single pump applications

2.2.2.4  Electrical motor & Gearbox

Electrical motors are specified separately for drive with frequency converter (VFC) and fixed speed
drive due to different demand on power and voltages. Electrical motor for Compared Flow Control
(CFC) methods has to be designed to higher power to cover additional losses. However, purposely
has been chosen power plant with bus voltage of 10 kV to be able to take the advantage of connec-
tion of fixed speed electrical motor directly do electrical bus in contrast to electrical drive with fre-
guency converter which needs an additional transformer. Nominal parameters of both electrical mo-
tors are summarized in Table 2.17, below.

Pumps for high flow rates in relation to pump pressure head are in general designed for lower
speed rates than pumps with a high-pressure head in relation to the flow rate. This is advantage for
variable speed controlled pumps with frequency converter, where no additional gearbox is needed
to drive pump at pump nominal speed — usually for speeds below 3 000 rpm for 50 Hz power supply
network. Nevertheless, it has to be account the worse electrical motor efficiency while operating
significantly below the nominal speed — see Fig. 2.85 and Fig. 2.86. Gearbox for CFC methods is de-
fined in the Table 2.18.

Table 2.17 — Case study 2, Electrical motor

Electrical motor

‘ Nominal parameters

I

CFC
Value -Var. 1,2

VFC
Value -Var. 1,2

Mechanical power 900 800 kW
Voltage 10 000 6 000 \
Current 68 104 A
Frequency 50 50 Hz
Speed 495 494 rpm
Number of poles 12 12 -
Efficiency 94,7 95,1 %
Power factor 0,81 0,78 -
Apparent power 1173 1078 kVA
Shaft Torque 17 362 15 464 Nm
Slip 0,010 0,012 -
Auxiliary losses 0 0 kW

Table 2.18 — Case study 2, Gearbox

Value -Var. 1,2 | Value -Var. 1,2
Gearbox ratio 0,747 - -
Gearbox efficiency 97,0 - %
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Electrical motor performance curves

Electrical motor datasheet efficiency and power factor curve for nominal speed are for the both case
study variants presented in Fig. 2.83 for VFC and in Fig. 2.84 for CFC. Fig. 2.85 and Fig. 2.86 show
approximated motor efficiency and power factor for the operating speed range using VFC. Fixed

speed operating points for other flow control methods are evaluated similarly as it has been already

presented in former case study —i.e. lies directly on motor performance curves at nominal speed.
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&L 05 o
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Mechanical power [kW] 0 Mechanical power [kW]
200 ) 600 800 1000 200 400 600 800 1000 1200
Efficiency VFC [%] Power Factor VFC [-] Efficiency CFC [%] Power Factor CFC [-]
Fig. 2.83 Case study 2 - V1 and V2, Fig. 2.84 Case study 2 - V1 and V2,
VFC motor - nominal-speed CFC motor - nominal-speed
curves efficiency and power factor curves efficiency and power factor curves
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Fig. 2.85 Case study 2 — V1, Fig. 2.86 Case study 2 — V2,
VFC motor — variable speed curves and OP range VFC motor — variable speed curves and OP range
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2.2.2.5 Frequency converter

For the purposes of this case study, frequency converter is considered with constant efficiency and
power factor over the entire operating range, which is sufficient in relation to total application effi-
ciency — see Fig. 2.87 and Table 2.19 for details. For a precise comparison, the performance curves
would have to be supplied directly from frequency converter manufacturer, generated for specific

load conditions.

Table 2.19 — Case study 2, Frequency converter

Frequency converter ‘ Value —Var. 1,2 ‘ Unit
Input nominal FC parameters

Input voltage 6 000 V
Power supply frequency 50 Hz
Efficiency 97,5 %
Nominal power factor 1 -
Apparent power 1641 kVA
Current 158 A
\Output FC parameters \ \
Nominal continuous apparent power 1600 kVA
Frequency range 1-66 Hz

Auxiliary losses 0 kw

100,0% —reeet ettt —2t—¢

99,5%

Efficiency [%]

99,0%

Power factor [-]

98,5%

98,0%

97,5%

Apparent output power [kVA]

97,0%
0 500 1000 1500 2000
OP Efficiency [%] Power Factor [-]

Fig. 2.87 Case study 2 —V1and V2,
Frequency converter efficiency and power factor
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2.2.2.6 Transformer

Transformer is included in both case study variants just for VFC to adapt 10 kV bus voltage to 6 kV
input voltage of frequency converter. Transformer parameters are summarized in the Table 2.20.
Real operating points have been then calculated from the knowledge of equivalent circuit diagram
(see chapter 2.1.4.5) and apparent power and power factor of the load —i.e. load of frequency con-

verter supplying electrical motor for VFC. Fig. 2.88 and Fig. 2.89 show the transformer operating

points.
Table 2.20 — Case study 2, Transformer

Transformer \ Value—Var. 1,2 \ Unit
\ Nominal parameters \ \
Primary voltage 10 000 \
Secondary voltage 6 000 \
Frequency 50 Hz
Efficiency 99,08 %
Nominal power factor 0,999 -
\Other parameters \ \

Short circuit voltage 6 %
No load current 0,5 %
No load losses 2,2 kw
Load losses 15,5 kw

Aucxiliary losses 0 kw

-2~ —8—8—8 —8 —t ——t ———t ——t 100,0% t—t—t—t—8—8—8—8 —t—8—8

99,5%

Efficiency [%]
Efficiency [%]

99,0%

Power factor [-]
Power factor [-]

98,5%

98,0%

Apparent output power [kVA] Apparent output power [kVA]

97,5%

0 200 400 600 800 0

OP Efficiency VFC [%] =—¢=— OP Power Factor VFC

400 500 600 700 800
OP Efficiency VFC [%] =—¢=—OP Power Factor VFC

Fig. 2.88 Case study 2 — V1, VFC Transformer effi- Fig. 2.89 Case study 2 — V2, VFC Transformer effi-
ciency and power factor operating range ciency and power factor operating range
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2.2.2.7 Technical evaluation

This chapter summarizes the results of technical evaluation of both variants of the case study. For
each variant of case study, it has been processed evaluation of energy consumption and/or energy
savings and total energy efficiency comparison with variable frequency drive at each operating point
according the operating profile.

Considering throttling flow control, it is the least and second least suitable flow control
method for this pump application and first and second variants and/or flow control ranges. See Fig.
2.94 and Fig. 2.95 for comparison against VSC with frequency converter. It is clearly observable, that
operating profile and/or flow very significantly influence the potential of energy saving by employing
VSC.

Bypass flow control results are summarized in Fig. 2.92 and Fig. 2.93. The results are similar to
throttling flow control — bypass flow control efficiency rapidly decreases with extending of flow con-
trol range. The savings while employing VSC are almost double for operating range of 50% - 100%
against the operating range of 80% - 100% of flow.

On-Off control provided best results from passive flow control methods, however especially
in the first case study variant, it is still extremely uneconomical against VSC — see Fig. 2.94 and Fig.
2.95. Moreover, on-off control is usable just in systems with a capacity and/or tank, which allows
controlling of just the average flow quantity instead of the real time flow quantity.

Finally, VSC with hydrodynamic coupling and VSC with frequency converter are to be com-
pared. Fig. 2.96 and Fig. 2.97 show the comparison of these two variable speed controls. It is evident,
that VSC is the best possible flow control option for hydraulic systems with zero static head. When
considering VSC with HC against VSC with FC, variant with frequency converter provided best results
in both cases. However, the result is very influenced by HC efficiency curve, which would have to be
provided directly by HC manufacturer for reliable conclusion. Nevertheless, the advantage for VFC is
also no gearbox in drive chain, which is not necessary while supplying pump from variable frequency
drive. Although VSC with FC required power supply transformer, it provided clearly best results
against all flow control techniques and has been the best choice even at nominal operating point in
contrast to former case study, where passive flow control techniques have been more efficient close

to nominal operating point.
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Throttling
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Fig. 2.90 Summary of results — V1 — Throttling,
Energy consumption and saving potential to VFC — left, Efficiency compared to VFC —right.
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Fig. 2.91 Summary of results — V2 — Throttling,
Energy consumption and saving potential to VFC — left, Efficiency compared to VFC —right.

Bypass
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Fig. 2.92 Summary of results — V1 — Bypass,
Energy consumption and saving potential to VFC — left, Efficiency compared to VFC —right.
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Fig. 2.93 Summary of results — V2 — Bypass,
Energy consumption and saving potential to VFC — left, Efficiency compared to VFC —right.
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On-Off control
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Fig. 2.94 Summary of results — V1 — On-Off control,
Energy consumption and saving potential to VFC — left, Efficiency compared to VFC —right.
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Fig. 2.95 Summary of results — V2 — On-Off control,
Energy consumption and saving potential to VFC — left, Efficiency compared to VFC —right.

Variable speed flow control with Hydrodynamic coupling
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Fig. 2.96 Summary of results — V1 — VSC with HC,
Energy consumption and saving potential to VFC — left, Efficiency compared to VFC —right.
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Fig. 2.97 Summary of results — V2 — VSC with HC,
Energy consumption and saving potential to VFC — left, Efficiency compared to VFC —right.
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2.2,.2.8 Summary

Table 2.21 and Table 2.22 summarize the main technical and economical indicators. The investment
costs are commonly the subject of business secret and therefore, could not be included in the cal-
culation. Energy cost, interest rate and service life have been set to constant for both VFC and CFC
to present comparison under identical conditions, however especially the service life and additional
operating cost may significantly differ and has to be accounted when evaluating commercial case
study.

From technical results, it is presented energy consumption and savings of energy and CO; of
variant with frequency converter (VFC) in comparison to other flow control techniques.

From economical parameters, annual savings and Net Present Value (NPV) of variant with fre-
guency converter against other variants have been calculated. Payback period is zero due to no in-
vestment costs included in the submission.

The summary clearly shows the advantage of VSC with FC against all the other options for both
the case study variants. It is clearly observable the trend of increasing saving potential of VSC with
extending of flow range in relation to passive flow control techniques.

Further, if we compare the annual saving potential of VFC to annual energy consumption for
VFC we can see that the ratio is significantly higher compared to former case study. This confirms
the suitability of variable speed controlled pumps in hydraulic systems with zero static head similar

to the case study.
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Table 2.21 — Case study 2, Summary V1

VSC with
Throttling ’ Bypass ’ On-Off ’ HC

| Economical Data

Total investment costs 0 0 0 0 0 €
Additional operating cost 0 0 0 0 0 €/year
Energy cost 0,021 0,021 0,021 0,021 0,021 €/kWh
Interest rate 5,0 5,0 5,0 5,0 5,0 %
Service life 15 15 15 15 15 years

\Technical Results

Energy consumption

5394 5014 3764 3460 | MWh/year
Energy savings with VFC 2204 1934 1554 304 - MWh/year
CO; Reduction with VFC 1102

t/year
Annual savings 46,3 40,6 32,6 x1000 €
Payback period 0 0 0 O - years
Net Present Value 480 422 339 66 - x1000 €

Table 2.22 — Case study 2, Summary V2

VSC with
Throttling ’ Bypass ’ On-Off ’ HC

\Economical Data

Total investment costs 0 0 0 0 0 €
Additional operating cost 0 0 0 0 0 €/year
Energy cost 0,021 0,021 0,021 0,021 0,021 €/kWh
Interest rate 5,0 5,0 5,0 5,0 5,0 %
Service life 15 15 15 15 15 years

\Technical Results

Energy consumption 6102 5355 5015 MWh/year
Energy savings with VFC 1087 1200 784 340 - MWh/year
CO;, Reduction with VFC 554 600 392 170 - t/year
\ Economical Results — VFC to CFC
Annual savings 22,8 25,2 16,5 7,1 - x1000 €
Payback period 0 0 0 0 - years
Net Present Value 237 262 171 74 - x1000 €
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2.3 Conclusion for single pump applications

In this part, it has been comprehensively presented the developed methodology, mathematical mod-
els and performance of developed software tools for energy efficiency optimization of especially
high-power single pump applications. It has been systematically described the way of evaluation of
these applications including in detailed elaboration of typical sample case studies. The mathematical
models of all application components have been presented due to high nonlinearity and empiric
character of particular components in numerical form suitable for direct software implementation.
The impact — while designing the mathematical models and methodology - has been put on to use
strictly just commonly available (i.e. non laboratory measurement) input data despite of lower pre-
cision and necessity of development of special approximation techniques with respect to practical
use in real applications.

In the first part, there have been described models of hydraulic system and centrifugal pump
including derivation of operating points and behavior under variable speed flow control. Thereafter,
mathematical models representing passive flow control methods —throttling, bypass and on-off con-
trol have been evaluated.

In the second part, there have been derived mathematical models of drive components for
both CFC and VSC flow control methods — from gearbox, over electrical motor to hydrodynamic cou-
pling, frequency converter and transformer. Special attention has been put to approximation tech-
nigues of especially induction machine and transformer.

Finally, the presented mathematical models and methodology have been implemented in the
software tool Medium-Voltage Drive Pump Save 2012 and the performance have been presented on
real case studies which have been in detailed processed. In the first case study, it has been evaluated
boiler feed pump application in thermal power plant. The case study has been elaborated for two
variants of static head control to present the effect of the change on both technical and economical
case study indicators. The second case study has represented a cooling water circulating pump ap-
plication. It has been evaluated again in two modifications to enumerate the influence of shape of
operating profile and /or weighted flow average on final economy for selected flow control methods.
Typical performance and energy saving potential employing VSC of these applications have been

described and generalized for hydraulic systems with similar conditions.
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3 Single fan applications

This chapter continues on former part dealing with single pump systems. It describes energy effi-
ciency evaluation and/or optimization process of single fan applications. The evaluation process is
especially in the drive part identical to processing of pump applications, which has been described
already in detail. Hence, this chapter will focus mainly on differences arising from the employment
of compressible medium and specific fan types and flow control techniques.

The first part describes methodology and model design employed in evaluation of pneumatic
part of fan applications. It begins with mathematical models of pneumatic system and fans including
both basic fan types - axial and radial — derived for variable speed flow control. Next, methodology,
typical performance curves and mathematical representation of other commonly used flow control
techniques for both axial and radial fans are included — namely, flow control with inlet guide vanes,
inlet damper, outlet damper and on-off control. The active flow control algorithms include variable
speed control via fixed speed electrical motor with hydrodynamic coupling and variable speed con-
trol with electrical motor supplied from frequency converter. In addition, it is included a model of
pitch control for axial fans.

The second part is devoted to verification of mathematical models and methodology using the
software tool Medium-Voltage Fan Save 2012. The tool has been developed based on the presented
theory to provide an advanced engineering tool for evaluation of these systems. The performance
of the software tool and/or developed mathematical models and methodology is presented in two
typical case studies. The first case study is focused on sample application employing radial fan for
gas recirculation fan in heating power plant, the second case study presents the performance of
model of axial fan employed in cooling tower of a thermal power plant. Both case studies present

the technical and economical results and comparison among possible flow control techniques.
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3.1 Methodology and Model design

This chapter describes methodology and mathematical models employed in the evaluation and en-
ergy consumption optimization process of fan systems. The attention is paid to mathematical model
of pneumatic system considering compressible medium and mathematical model of fan (common
for both axial and radial type) derived for variable speed flow control. Next, it is presented method-
ology for evaluation of other commonly used flow control techniques and/or referenced typical per-
formance characteristics for inlet guide vanes, inlet damper and outlet damper. Special attention is
paid to approximation techniques for pitch-controlled axial fans.

The mathematical models are developed for steady states, which is sufficient for the purposes
of energy efficiency evaluation. The models are expressed especially in the form suitable for numer-
ical calculation, which is necessary because of high non-linearity of pneumatic system components.
Models of flow control techniques are represented mainly by referenced typical performance curves
due to unique character of each application and high complexity of analytical derivation of models
of fan and flow control components. Performance curves tuned directly for particular application are
usually supplied directly by fan manufacturer.

The general evaluation procedure for fan systems is equivalent to evaluation procedure of
pump systems described in former chapters —i.e. the all application components are supposed to be
specified under nominal speed conditions. Operating data and especially the efficiency curve of each
component of the drive chain are then approximated for specific load conditions at operating points
according to operating profile.

Presented mathematical models have been implemented in the core of the software tool MVD

Fan Save 2012 and verified on elaborated case studies.
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3.1.1  Pneumatic system

Specification of pneumatic system is the key process while designing or evaluating fan application.
Similarly to pump systems, pneumatic system is represented by system curve, which characterizes
the pressure required to move gas through the system for various flow rates. In the contrast to pump
applications, gas pressure in Sl units is used directly, instead of equivalent in meter of fluid head.
Pneumatic system is then defined as in (3.1), static component is expressed in (3.2) and dynamic

and/or friction component in (3.3).

Ps (Q)=pST (Q)=pSTS(Q)+pSTd (Q) (3.1)
Ds, (Q) = Dsry (Q) = Pspy (O) — Py, (O) + Pspyp — Pssyp (3.2)
Psa (Q):psm (Q):pSDd(Q)_pSSd(Q) (3.3)

Friction losses are influenced except of gas flow speed and/or volume flow rate additionally by gas
density, which varies according to pressure loss ((3.4)) in the pneumatic system [41], [42] in the con-
trast to incompressible fluids derived in Chapter 2.1.1. The red part is supposed to be constant for a
particular application. Gas density is according to ideal gas equation proportional to gas pressure
while considering constant gas temperature - (3.5) and (3.6).

System pressure curve including gas density and/or pressure correction factor (red) is ex-
pressed in (3.7) and numerical equivalent in (3.8). The correction factor is introduced to increase the
precision of the system curve and/or calculation of energy demand especially for pneumatic systems

with both high friction losses and high operating speed range.

(LY p 5 (3.4)
= x| = [xExvy

Ay

pxV =nxRxT (3.5)
p=.,_m
YA

p=px—xT
Pr_Py (36)
P b

Ds =P, + Dsg Xk, (3.7)

2
QSJ W Ps TP

Ps = Ps; T| Psa, X
’ {QSN Ps, t P

2
0
Ps, (s, + Do)+ Py X Py, X [Qs
Sy

2
0
Ps, T Py~ Py, X (Q;

Ps =

Psi, = Ps, ~ Pss,

Page 94



Chapter 3 Single fan applications

T, 3.8
QS :|:QS—j:| ’.] :1’2"“’msamples ( )
05, =0; QS—mmp,m =0y

Ps = |:pS—j (QS—j )}T 5T = L2 M

2
Pss—j (psN + po) + Py X (pSN ~ Psy, )X [QQSJJ
Ps_; (QS—j) = > 5T =12, m

2
Ps, + Dy~ (psN ~ Pss, )X [QS_/]

0Os,
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3.1.2 Fan

The methodology of fan model design is analogous to pump model design, which has been described

in the former part. Fan performance curves are defined for fan nominal speed and then approxi-

mated for variable speed using affinity rules. The difference is arising from adjusted affinity laws for

compressible medium — see equations (3.9) and (3.10). Equation (3.11) confirms that efficiency

keeps unchanged while using fan affinity laws. Fan approximated flow, pressure and efficiency for

any operating point and speed are express in equations (3.12) - (3.15).
3
g[_MgJ
0, n, D,
2 2
&{ﬂ} (2} Lﬂj
P, n, D, P>

P _PitD
P, Pt Dy
2 3
i:(gjx[ﬂjx B z[ﬂjx(ﬂj (ﬂpj[n_j |
m, 0, Ap, Ppl n, n, Pr X P n,

Ap:pout _pin

m=n,=1(Q); m=n,=(Q); n,=n,

772(Q2)=771(Q2 [—j]

(3.9)

(3.10)

(3.11)

(3.12)

(3.13)

(3.14)

(3.15)

Fan pneumatic power is expressed in (3.16). Note that in this form, gas density is not explicitly in-

cluded in the opposite to pump hydraulic power formula, which uses a meter of head instead of

directly pressure in Sl units. Fan power consumption and torque are then in (3.17) and (3.18).

Pp[kW] = an / s]x Ap{kPal (3.16)
pl (3.17)
n
TiNm)= _feWI_ RLV]x1000 (3.18)
olrad /s)  nlrpm] <2
60
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3.1.2.1 Numerical solution of fan operating points under VSC

Since every fan has specific performance curves and the curves change slightly over the fan lifetime,
there is no general analytical description available. Hence, it is needed to sample the curves of fan
and solve the entire pneumatic system numerically to obtain precise results. The most suitable way
is to obtain the performance curves of both fan and control directly from fan manufacturer for ap-
plication operating range. However, this approach is especially in retrofit applications not possible.
Therefore, the below introduced methodology can be employed to approximate fan behavior and/or
performance curves from the curves at nominal speed to performance curves at variable speed.
The set of sampled data is defined in (3.19). At first, it will be identified nominal operating
point, which is located at the intersection of fan nominal pressure-flow curve and pneumatic system
curve — see (3.20). Theoretically there could be more possible intersection points between fan and
system curve, however similarly to pump systems only one is stable. The Fig. 3.1 shows sampled fan
pressure-flow curve (red, (3.19)) and discretized pneumatic system curve (black) constructed accord-
ing to (3.8). The yellow curve indicates the operating range of the system curve - (3.21). Nominal
operating point is then obtained as an intersection of linearly interpolated fan and pneumatic system
curves - (3.22). Note, that auxiliary curves for speed range calculation ((3.29) and (3.30)) are merged

into one for systems with a zero static head component.
Pr=pr(Qr): Mr =10y (QF) (3.19)
[Qwa]
[pm (2, ,)] P12,
(

|:77F\/ QFU)] j= 12""’msamples

T

samplcs

r = Pr(0); ps = ps(0) (3.20)
Pr(Q)=ps(0)
QOPN = {Q | pr(Q)= ps(OQ); np = nN}

Por, ={P1P=1r(Q); 0€Qpp inp =1y}

Por = Ps.or = Ps(0)] 50 Qpp (3.21)

I:QOPN » Pop, ] = [inersccttintntrrays (QFN s Pr, - Qs 7ps) (3.22)
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Next, it will be derived fan operating speed
range. The minimal speed is the speed at which
fan curve crosses the system curve at the point
of minimal operating flow, similarly, the maxi-
mal speed is the speed at which fan curve
crosses the system curve at the point of maxi-
mal flow — see Fig. 3.1, yellow cross marks. The
minimal and maximal speed can be derived
from (3.9) or (3.10) if we find an equivalent op-
erating point for minimal and maximal operat-
ing points on the fan nominal curve using affin-
ity rules. The minimal speed is then expressed in
(3.23) and the maximal speed in (3.24). The
maximal speed equals to fan nominal speed
when the maximal operating point lies on the

fan nominal head-flow curve at nominal speed.

—
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o
—
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v
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[
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o

Flow [m3/s]
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X Intersections
Fan curve
—— Auxiliary curve - High range
—— Auxiliary curve - Low range
System curve
——— Operating range

Fig. 3.1 Discrete definition of pneumatic system

application

To find the equal operating points on fan nominal curve, auxiliary curves have to be build —

see (3.25) and (3.26) for minimal and maximal operating range. Equivalent operating point is then

find on the intersection of fan nominal curve and auxiliary curves - (3.27) and (3.28). For numerical

solution see (3.29) - (3.32). Distribution of fan speed covering operating range is then in (3.33).

_ _ o, _ Por * Popegn (3.23)
Nop,, =hop =Ny X =Ny X |—————
QOPleqN Popegn * Pori
Qopkop Por,,, * Por,,ean (3.24)
Mop,,, = Mor,, =My X =1y I —
QOPkOPeqN Por, eqn * Por,,,
... for QOPkOP = QOPkOPeqN = Nop =Ny
0 2 (3.25)
Ps (QOmein ) X 0 * Do
AuxCmin _max
pAumein = pAumein (Q) = 2
Ps (QOP_min)X 1- + D
QAumeinfmax
Q € <0’ QAumeinfmax >
P suxcmin_max X (ps (QOPimin ) + Py )
QAumeinfmax = QOPimin x
pS (QOPimin ) x (pAumeinimax + pO )
QOP_min = mln(QOP ) = QOP, ;pAumein_max = max(pFN )
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0 2 (3.26)
Ps (QOP_max ) X [QJ X Po
P auxcmax = P auxCmin (Q) = e 2
Ps (QOPJnax ) x| 1= [QJ ] + P
AuxCmax _max
Qe <0, QAwrCmaximax >
Ps (QOPimax ) x (pAumeaximax + po)
QOP_max =max (QOP ) = QOPW 5 P guxCmax_max — Max (pFN )
pchCmin (Q):pFN (Q) (327)
QOPleqN = {Q | P sxComin (Q) = Pr, (Q)’ np = nN}
Poregn = P awsComin (QOPleqN)
P suxcmax (Q)=p1-‘N (Q) (3.28)
QOP,(OPeqN = {Q | P ticmr (Q) =D, (Q)v np = nN}
Por,eqv = P auxcmin (QOP,‘DPeqN)
O uxcmin = [QAumeinq ]T 13.29)
Q juccmin1 = 05 QAumein—mmmp,m = O tuxCmin _max
P 4uxCmin = |:pAumein— j (QAumein—j )]T
2
Ps (QOP_min ) x [QQAMC’.W_/ } X Py
P suxcmin-j (QAumein— j ) = A;C”“”_ma" 2
. 1— AuxCrin-— j
Ps (Qopfmm ) g { LQAL«meinmax J ] T
J=12m,
O juxcmax = I:QAumeax—j:|T 13.30)
O tuxcmar =05 QAuxcmaxﬂnW,,,‘,x = O fuCmar_max
P suxcmax = |:pAumeax—j (QAumeax— j ):|T
2
pS (QOmeax ) x LQQAMXC"MXJ‘ J x pO
P 4uxCmax-j (QAumeaxf j ) = AngaxmaX 2
Ps (QOPimax ) x |:1 - (QAWCMHJ :| + Do
AuxCmax_max
J=1L2,m
[QOPleqN > pOP{eqN:l = ﬁnmrseczunlnmrmys (QFN > Pk, > Q tuuxcmins P aucCmin ) (3.31)
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- 3.32
I:QOPkUPeqN > D OPkopegN :I - -fln[ersectlin[ntArruys (QF ' D Fy > QchCmax P AuxCmax ) ( )
n, =[nFj]; =1.2,..m_, (3.33)
—n
OP,;

n =n _] 1 max min

Fj OF,

J min ( ) m . _1

curves

Fan operating points are placed - by employing variable speed control - on the intersections
((3.35)) of fan curve recalculated for particular speed ((3.34)) and system curve. Finally, fan pressure
at common fan and pneumatic system operating points - according to operating profile - are ob-

tained by linear interpolation of intersections of fan curves at variable speed with system curve -

(3.36).

O, = [Qpn,.,, }; Pr, = [ Pr,, (QFn,.,, )] (3.34)
QFnH. = QFn,V?/ X k

2
Ppn,_, (QF’%—_/ ) = Pray, ¥ (:—’J > Dy
X

ien,;j=12,.,m

samples

[QFSR, H pFSn,- :| = .f}nterxectLinlntArmyS (QS 4 pS H QFnl > pFn, ) (335)
Qs = I:QFSn, ]; Pps = |:st»1, ]
ien,

Pori = Sintintrray (QFS > PEs» Qopz) (3.36)

T
op = [pOPi]
i=1,2,...k,

Next are expressed relations for fan pneumatic power ((3.37)), fan mechanical power and/or power

consumption (3.38), fan efficiency ((3.39) and (3.40)), fan speed ((3.41)) and fan torque ((3.42)) at

fan operating points.

(3.37)
Fror=[Pyon]
P onlkW]=0pp[m "/ $]x poplkPa]
i=12,...k,
Piop=P,op-/Np.op (3.38)

HEe-op [77F OPI]T (3.39)

Np_opi = flnszArmy (QFS Mes > Dopi )
i=L2,...kyp

Page 100



Chapter 3 Single fan applications
Ny, (3.40)
Mes = Mrs (QnFS ) =1k, [QFS X— j
FS
T
s = |:77st']
ng,
Npsp = f]mLmArmy QFN N, ’QFS/‘ X—— | Rpg =N
Ny,
j = 1’2""’mcurves
Ry _op :[nF—OPi] (3.41)
Np_opi = f/aninArmy (QFS M, Oopi )
i=12,...k,p
T op = [TF—OPi] (3.42)
P [k x1
T opi[Nm]= cr-on 117711000
Rp_op; [ TPM] <
60
i=12,...k,
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3.1.2.2 Typical performance curves

Evaluation of particular flow control methods — namely inlet guide vanes, inlet damper and pitch
control - described in next chapter - is based purely on flow control typical performance curves,
which are closely related to specific fan due to no-existing general analytical solution. Hence, to be
able to evaluate these flow control techniques in cases of incomplete case study data available, fol-
lowing set of data for both radial and axial type of fans expressed in per unit values have been sam-
pled as referenced ones. Fig. 3.2 shows fan flow — pressure curves and Fig. 3.3 flow — efficiency curves
for axial type of fan and radial type of fan with straight, forward, and backward curved blades. Ex-
pression of fan curves in physical units is then in (3.43). Efficiency in Fig. 3.3 is not presented in per-
unit values to prevent reader from confusion from values higher than 100 %.

The set of curves were sampled from [41] and compared and/or verified with measurements
of real industrial fans published by the world's leading industrial fan manufacturers — especially with

products of ZVVZ Machinery a.s. company, which supply fans for wide range of industrial applica-

tions.
9, (3.43)
O, =9, *Qr,,:C,,, =
QFR—N
: Pr,
Pr, = Pr, X Pry>Pry,, =
Frn

Pressure [%]

—_
-3
-
O
c
9
Y
b =
w

Fig. 3.2 Referenced fan pressure — flow curves Fig. 3.3 Referenced fan efficiency — flow curves
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3.1.3  Flow control algorithms

Evaluation of flow control algorithms for fan systems differ significantly from pump systems. The
difference steams from two basic topologies of fans —radial and axial, which are used in combination
with additional fan-type specific devices to control the flow. Variable speed flow control, on-off con-
trol and outlet dumper flow control could be solved similarly to pump systems based on fan affinity
rules and analytical description of flow control principles. However, mathematical models for flow
control realized by inlet guide vanes, inlet damper and pitch control couldn’t be generalized enough
and therefore are usually represented just by final efficiency performance curve supplied directly by
fan manufacturer together with fan. Hence, typical set of radial fan performance curves with forward
curved blades, backward curved blades and straight blades and axial fan and control techniques per-
formance curves have been sampled as a referenced ones to be able to approximate fan perfor-
mance even with incomplete definition of all components of fan systems. Special attention has been
paid to approximation procedures for pitch flow control of axial fan.

Similarly to pump systems, control efficiency is defined to be able to compare and evaluate

flow control algorithms among each other — see (3.44) and (3.45).

pF pF PF
P =0.xAp.(Op)
PpS =0 Xps(Qs)
Ner.or = [UCF—OPi]T (3.45)
Ner-opi = ]IZPSOPf = II}SO” i :' _ gpSOPi
pF—-OPi pp-opi i pF—OPi
i=1,2,...k,p
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3.1.3.1 Variable Speed Flow Control

Variable speed flow control use the change of fan speed to match demanded flow and/or operating
point on pneumatic system curve. Fan flow and outlet pressure match pneumatic system flow and
pressure and therefore control efficiency under speed control equals one - (3.46). Fan efficiency
under variable speed control is then - (3.47). This is valid for both axial and radial type of fans. For

detailed derivation of mathematical model of fan for variable speed control see Chapter 3.1.2.1.

Or _vs_ori = Os_opis Pr_vs—ori = Ps_ori = PpF—OP[ = PpS—OPi (3.46)
_ Ps_opi -1
Ner-vs—opi = P =
pF—-OPi
i=1,2,..,k,,

n (3.47)
Nrys =MF, (QF X%J

n
_ N
Nr_ys—ori = f]nszArmy (QFN Mg, > Or_op % J

F-OPi
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3.1.3.2 Inlet Guide Vanes & Inlet Damper

The principles of evaluation of Inlet Guide Vanes (IGV) and Inlet Damper flow control techniques are
equal. The equations below are written for IGV however are identical for inlet damper by substituting
IGV for Inlet Damper in the notation. Both techniques are used in combination with fixed speed fan
((3.48)). There is no general mathematical model available, therefore, manufacturer usually supply
both the fan and inlet guide vanes or inlet damper together with measured performance curves. This
is the most optimal way. Evaluation of efficiency is then simple linear approximation of fan and inlet
guide vanes or inlet damper efficiency curve for system flow - (3.49) and (3.50). However, especially
at retrofit applications not all necessary curves are usually available. Hence, typical fan and control
performance curves have been sampled based on presented curves from [41] to be able to get an
approximate idea about expected behavior in comparison to other flow control methods. For refer-
enced fan efficiency curves see Fig. 3.3. Referenced efficiency curve for inlet guide vanes and inlet
damper are in Fig. 3.4. Total efficiency from referenced curves is then evaluated according to (3.51)
and (3.52).

Ry _sar_op =Const=ny; i=1,2,..K,p (3.48)

Or_i6r-ori = Os-ori = Qopi> 1=1,2,....Kpp (3.49)

Nerigr-opri = Nrver (QS—OP:’ ) = fImLinArmy (QF+IGV MNpiiers Qs-opt) (3.50)
i=1,2,....k,p

Nroior-on =Mr—on (Qs-on ) X Ner 16v-or (Os o) (3.51)

Nr-opi = Jinitinarray (QFN M, QS—OP[)

Ner—igv-opi = f]mLinArmy (QCF-IGV Mer-16v »Ds_opi )

i=12,..k,,
_ ) _ QCF-IGVR (3.52)
Ocr.16v = QCF—IGVN x QCF—IGVR_W ’QCF-IGVR_W =
QCF—IGVR_N
_ MNer-ier,
Nep-rv = XMNcr-16v,
CF-1GV,

L
>
o
=

-

=

=

w

Flow [%]

0 60% 80% 100%
nlet Guide Vanes nlet Damper

Fig. 3.4 Inlet Guide Vanes and Inlet Damper — Efficiency curve
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3.1.3.3 Outlet Damper

Employing outlet damper to control fan flow is similar to throttling flow control in pump systems.
Fan speed equals to fan nominal speed over the entire operating range - (3.53). Fan and damper
flow equals to system flow and fan outlet pressure is a function of fan pressure-flow curve at nominal
speed ((3.54) and (3.55)). Pressure loss over outlet damper is expressed in (3.56). Control efficiency
for outlet damper is (3.57). Fan efficiency employing flow control strategy is then in (3.58). Using
outlet damper changes pneumatic system curve and/or nominal operating point. Hence, it is not
possible to compare the control method with the others under constant pneumatic system condi-
tions. Therefore, the fan pneumatic power and efficiency calculation is divided into two regions given
by the pressure loss over the damper ((3.57)). The second region is not reachable without replace-
ment of the fan or pneumatic system conditions, however to be able to compare it with other flow

control techniques, it is supposed the power increase of the fan about power loss on the damper.

nF*OutletDamper—OPi =const = ny s 1= 17 27 sy kop (353)
QF—OutletDamper—OPi = QOut/etDamper—OPi = QS—OP[ = QOPi s 1= 1’ 2’ e kOP (3 54)
pF*()uz/elDamperf()P[ = pFAV (QF*()ullezDamperf()Pi ) = fInlLinArray (QF‘V H pF,V b QF*()ullelDamperfi ) (3 55)
i=1,2,...k,p
0 2 (3.56)
QutletDamper—OPi
ApOutletDumperN X Q X p 0
Fy .
ApOu[letDampe;POPi - 2 > 1= 1’ 2’ ce kOP
QOutletDamper—OPi
ApOut/etDampeijN x| 1- + p 0
O,
Ps_ori = Os_opi X Ps-op; (3.57)
PpF —OutletDamper—OPi = QF —OutletDamper—OPi x p F—OutletDamper—OPi
APp7Ou)‘letDamper70Pi = QOurlez‘Dumper70Pi x Ap OutletDamper—OPi
l.fOI" (pF—OutletDamper—OPi - pS—OPi ) > ApOutletDamper—OPi =
_ P pS—OPi
n CF —OQutletDamper—OPi ~—
pF —OutletDamper—OPi
1. fOr (pF—OutletDamper—OPi - pS—OPi ) = ApOutletDamper—OPi =
_ P pS—-OPi
= 77CF —OutletDamper—OPi — P AP
pS—OPi + p—OutletDamper—OPi
i=12,...k,
= = 3.58
anOzttletDamperfOPi - 771:,\" (QF*OutletDamperfOPi) - f‘lntLinArray (QFN H ”FN H QF*OutletDamperfoPi ) ( )

i=1,2,...k,p
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3.1.3.4 Pitch Control

Pitch control is typically the most efficient way of flow control employing fixed speed ((3.59)) drive
because the flow is adjusted just by pitch of fan blades without additional devices. Fan flow and
outlet pressure equals to demanded system flow and pressure and therefore control efficiency
equals similarly to variable speed flow control to one - see (3.60). Pitch of fan blades shifts fan flow-
pressure curve and fan flow-efficiency curve. Fan efficiency is therefore dependent in contrast to
other flow control techniques by two variables. Respectively, the efficiency is represented by surface
related to both fan flow and fan outlet pressure. Fan total efficiency for specific operating range is
then obtained as a two dimensional interpolation of fan efficiency space for pneumatic system flow
and pressure — see (3.61). Usually fan manufacturer supply directly the efficiency curve for specific
system conditions. In this case, operating range is calculated by simple interpolation of supplied ef-
ficiency curve - (3.62).

However, based on experience from especially retrofit case studies, just the fan efficiency
curve for one fan blade position is often available. Next, it is described approximation procedure
based on referenced axial fan with pitch control to estimate fan efficiency in case of lack of initial
data.

Fig. 3.5 and Fig. 3.6 present efficiency surface and interpolated efficiency curve for referenced
axial fan with pitch flow control. Efficiency surface for pitch-controlled fan has been sampled from
presented case in [41] and reshaped to per unit values as well as corresponding interpolated effi-
ciency curve and fan pressure flow curve. Per unit expression of fan efficiency allow to use the fan
as a referenced one without direct relation to fan power. The approximation technique is based on
adjusting of fan efficiency surface based on the change of user fan in per unit values in comparison
to referenced fan in per unit values.

Referenced fan efficiency surface and related interpolated 1D efficiency curve is expressed in
(3.63). Approximated fan efficiency surface is then generated according to (3.64). Adjustment of ref-

erenced efficiency surface is done via efficiency correction matrix. Matrix elements are obtained as
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Fig. 3.5 Efficiency surface of referenced axial fan Fig. 3.6 Referenced axial fan
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a ratio of interpolated efficiencies of user and referenced fans. Efficiency at fan operating points is

then calculated from (3.61).

nF—Pitch—OPi :COI’ISZ:I’!N; 1 :1,25‘--5k0p (359)
Or—pich-ori = Ds-ori = Oopis Pr—picn-ori = Ps-or = PpF—Pirch—OPi = Pps—OPi (3.60)
. PpS—OPi ~1
Ter—pich-ori = P =
PpF~Pitch-OPi
i=L2,..k,
Ne—pich-ori = Mr—piteh2p (QF—Pitch—OPi > Pr—piteh-0Pi ) = (3.61)
= -flntLin2DAr7'ay (QF-Pitch s Pr-picen>sMe-pienzn > Ds—opi> Ps—opi )
i=1,2,.,k,
Ne_pitch-opi = Mr—pitehi D (QF—Pitch—OPi) = fittindrray (QF-Pitch Me_pienin>Ds-op: ) (3.62)
i=12,...k,p
o1t "p,-12 " Thp,-1g (3.63)
_ p,-21 "hp,-22 " Thp,24
Nr_piten2p, = . . .
Tpy-pt Thpp—p2 " Thp,—pg
QF-PitchR = [Qq ]
Pr-piren, = [pp ]
q= 1’ 2’ cee msamples P = 1’ 2’ ot msamples
Ql = p 1 = 0’ Qm.mmplm = p Mamples = 1
Nr_pitenip, = [UF-PimthR—OP, :'
NE-puchiDy-op = flmunzmrmy (QF—PitchR > Pr_pitciy > M F - pitch2p,, » QSR —opi> Ps,-opi )
i= 1,2,...,kOPR
... (3.64)
772DR -11 7720R -12 7720R-1q C,?_1 C,]_2 C,]_q
_ 7720R -21 77sz -2 772DR -2q Cin G " Gy 1 —pitch,
Nr_picnzp = . . X0 . A P S
nF—PitchR,N
hpy-pt Thpg-p2 " Thpypg Cp1 Cpa Ch—q

¢ = [cn—q ]

o = flmLmArmy (QF-Pitch-q' / QF—PitchN Mr-picnin-! Mr—pitchy » o, [pu])
i S ittintrray (QF-PitchR-q‘ / QF—PitchR,A, sWE_pitcnip, - / M _pitehy, > 0, [pu])
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3.1.3.5 On-Off Control

On-Off control is a very specific flow control while it actually operates only at nominal operating
point - (3.65). It is not possible to control flow in a real time. However, it is possible to control the
flow quantity in a time period (average value) - (3.66). Flow quantity is then determined by the ratio
of run and stop time. Hence, control efficiency for on-off control is then expressed via energy - (3.67).
It is apparent, that this method could be applied only for the application that includes capacity and

it is possible to vary flow around the set-point hysteresis range.
Ne_ono—opi = CONSt =N,y (3.65)
QF—OnOﬁ'—OPi = QOPN = QSN
Pr_ono-ori = Pop, = Ps,

Nr_onofr-ori = M, (QSN )

i=1,2,...k,p
QF—OnO_/f’—OPiavg = QSN X Ton s =12, K0p
S,
i=1
PpS*OPi =0 opi X Ps_opi (3.67)
E PS—OPi = P ps—opi X Lopi
P onop-ori = Lpr-op, = QF—OPN X Pr_op,
E i onop-ori = Por—op, X top:
E[)S—OP[

Nep-ono-or = E
PpF-0nOff -OPi

i=1,2,...K,p
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3.2 Model verification - Case studies

In this chapter, two case studies of typical fan systems are presented to show the performance and
verify developed mathematical models and methodology presented in the chapter 3.1 on particular
applications. The case studies have been evaluated in the software tool Medium-Voltage Drive Fan
Save 2012, which has been developed - based on the introduced mathematical models and method-
ology - for advanced evaluation of these systems. In the Fig. 3.7, see the main screenshot of the
software tool. More in-detail information about the software tool and its features have been pub-
lished especially in the following international conferences: [A2, A3] and research reports [A38, A44,
A45, Ad6, A47, A48]. Brief summary is available in Appendix 2 — MVD Fan Save 2012 .

The first case study is focused on a radial fan and associated flow control techniques. It is
elaborated in two variants to compare directly the technical and economical indicators of the flow
control techniques in relation to operating flow and/or speed range. The second case study presents
fan application with pitch-controlled axial fan and compares it with variable speed flow control and
other commonly used flow control techniques. The drive part developed for fan systems is identical
to drives for pump systems and the performance has been widely presented in the case study section
of pump applications, therefore this chapter will focus especially on presentation of pneumatic part

and total flow control comparison among each other on presented cases.

Project Control & Settings 1 Compared Flow Control (CFC) 5 Economical Data
Project ID: ‘ Project ID ‘ Flow Control: | Inlet Guide Vanes ~|
Tot. Invest. Costs: 50000 50000 €
Customer: ‘ Customer Name ‘ - P 5 /
Add. Oper. Costs: € [year
Calculated by: ‘ Designer Name ‘ Q
. d Energy Cost: 0,021 0021 € /kwh
Time Stamp: ‘Tlmeslamp ‘
A A Interest Rate: 5,00 500 %
7N/
B B u . 4‘;‘ Service Life: 15,0 150  years
System Data 2 Economical Results (VFC to CFC)
Annual Savings: 5] X1000 €
Gas: - ad 1278 ke/m? Payback Period: 0 years
Nom. Syst. Total Pressure: 4000 Pa Mepium VoLTaGe DRIVE FAN SAvE 2012 20 et o o 1000 ¢
e resen alue: X
Nom. Syst. Static Pressure: o Pa
Nom. Syst. Flow: 90,0 m3fs > FACULTY OF ELECTRICAL “ Il I. Technical Results 11
E:f\:':s;“r':m CFC Energy Consumption: 2383 MWh/year
OF WEST BOHEMIA " I. l' VFC Energy Consumption: 2135 MWh/year
Eneray Savings with VEC: 104%= 248 MWh/year
Fan: Impeller: Power and productivity for a better world €O, Reduction with VFC: 124  t/year
i H 90,0 3) " - "
tominalFlow s Annual Energy Consumption & Saving Poertial 312
Nominal Pressure: 4000 Pa CFC VFC Energy [MWh] Energy savings [%]
Nominal Efficiency: 67,00 % Mechanical Power: 800 800 kw m Compared Flow Control
2383 : 7
=2 | o, / Opt. Power: 597/657 | 537/591 kW 2135 “! Variable Frequency Drive
Operating Profile 4 Voltage: 5000 5000 v M Savings with VFD
aalorer= el e 5500 h Nom. Efficiency: 96,90 96,90 %
Time[%] [h] Flow([%] Operating Time [%] Nom o . ’30 - ,30 b
5 =440 100 lom. Power Factor: 8 8 [-1
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-1 15 =825 93
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% 14 =770 86 ‘% FC Nom. Efficiency: 9750 % %100% mCFC mVFC
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Fig. 3.7 Medium-Voltage Drive Fan Save 2012 — Main screen
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3.2.1 Case study 1 — Radial fan

This case study presents the performance of radial-type fan with associated flow control techniques
on gas recirculation application in thermal power plant. The case study is presented in two variants
to compare the suitability of flow control methods in relation to operating flow and or speed range.
The first variant varies flow range from 75% to 100 % of nominal flow with weighted average of flow
89,65% and weighted average of system pneumatic power 79,49%. The second variant varies the
flow from 90% to 100% of nominal flow with weighted average of flow 95,86% and weighted average

of system pneumatic power 88,04%.

3.2.1.1 Pneumatic system & Operating profile
The case study pneumatic system parameters are summarized in the Table 3.1.The Fig. 3.8 and Fig.
3.9 show the operating profile for the case study variants. Fig. 3.10 and Fig. 3.11 present the pneu-

matic system curves including operating range and/or operating points.

Table 3.1 — Case study 1, Pneumatic system

Pneumatic system Value -Var.1 | Value-Var.2

Pneumatic system H

Nominal flow 96 96 m3/s
Nominal total head 4000 4000 Pa
Nominal dynamic head 4000 4000 Pa
Nominal static head 0 0 Pa
Static / referenced head control constant constant

Gas density 0,585 0,585 kg/m?3
\ System operating data

Annual running time 8590 8590 h
Flow operating range 75 -100 90 - 100 %
Weighted average of flow 89,65 95,86 %
Weighted average of pneumatic system power 79,49 88,04 %

Operating time [%] Operating time [%]
Fig. 3.8 Case study 1 —-V1, Fig. 3.9 Case study 1 —-V2,
Operating profile Operating profile
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3.2.1.2 Fan

It is employed radial fan with the specification according to Table 3.2. See, that fan nominal operating
point is not located at the fan Best Efficiency Operating Point. Best Efficiency Point is located close
to real fan and system nominal operating point — see Table 3.3. Fig. 3.10 and Fig. 3.11 present ap-
proximated fan performances curves from nominal speed, to speed range covering demanded flow

range employing Variable Speed Control (VSC) for the case study variants. Fig. 3.12 and Fig. 3.13

show the speed operating range for the operating profile flow range.
Table 3.2 — Case study 1, Fan

Fan \ Value—Var. 1,2 \ Unit
 Fan | |
Nominal speed 994 rom
Flow operating range at nominal speed 69,3 —-116,82

‘ Fan Nominal Operating Point ‘

Flow 99 m3/s
Pressure 3797 Pa
Efficiency 66,0 %
Pneumatic power 376 kW
Mechanical / shaft power 570 kW
Torque 5472 Nm

Table 3.3 — Case study 1, Real nominal operating points

Fan & Pneumatic system Value—Var. 1,2

‘ Real nominal operating point

Flow 94,9 m3/s
Pressure 3908 Pa
Efficiency 66,92 %
Pneumatic power 371 kW
Mechanical / shaft power 554 kW
Torque 5323 Nm
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Fig. 3.10 Case study 1 —V1,
Fan & Pneumatic system curves
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Fan performance curves and operating points under VSC

Fig. 3.14 - Fig. 3.17 show approximated fan performance curves for fan efficiency and pneumatic
power from curves at nominal speed to curves at variable speed according to VSC. See, that similarly
to pump systems, fan efficiency keeps constant and/or nominal over the entire operating range em-

ploying VSC in pneumatic systems with zero static pressure independently on the speed range.
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c c
] ]
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& &

Flow [m3/s] Flow [m3/s]

0 25 50 75 100 125 0 25 50 75 100 125

== Fan efficiency —e— Fan operating points == Fan efficiency —«— Fan operating points

Fig. 3.14 Case study 1 — V1, Fan VSC efficiency Fig. 3.15 Case study 1 —V2, Fan VSC efficiency
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Fig. 3.16 Case study 1 -V1, Fig. 3.17 Case study 1 -V2,
Fan VSC pneumatic power Fan VSC pneumatic power
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3.2.1.3 Flow control

Inlet Guide Vanes & Inlet Damper

Representation of flow control by inlet guide vanes or inlet damper is done purely by control effi-
ciency curves. For nominal operating point efficiency see Table 3.4, efficiency curves for both vari-
ants are shown in Fig. 3.18 and Fig. 3.19. The curves have been generated based on referenced effi-
ciency curves, nevertheless each device is usually unique and it would be necessary to obtain partic-

ular curve directly from manufacturer for precise evaluation. In general, flow control with IGV is more

efficient within the usual operating range than Inlet Damper.
Table 3.4 — Case study 1, IGV & Inlet Damper

Inlet Guide Vanes & Inlet Damper \ Value —Var. 1,2 \ Unit
\ Nominal efficiency \ \

Inlet Guide Vanes 92,0 %
Inlet Damper 90,0 %

Efficiency [%]
\\
Efficiency [%]

Flow [m3/s] Flow [m3/s]

20 40 60 80 100 20 40 60 80 100
Control efficiency - IGV [%] Control efficiency - IGV [%]

Control efficiency - Inlet Damper [%)] Control efficiency - Inlet Damper [%]

Fig. 3.18 Case study 1 — V1, Efficiency curve for In- Fig. 3.19 Case study 1 — V2, Efficiency curve for In-
let Guide Vanes and Inlet Damper let Guide Vanes and Inlet Damper

Outlet Damper

In the Table 3.5, see the parameters of outlet damper. Note, that employing outlet damper into
pneumatic system shifts the nominal operating point, what does not allow reaching exactly compa-
rable pneumatic conditions to other flow control techniques. Nevertheless, the energy loss on outlet
damper is included in the control efficiency and therefore final comparison is still relevant.

Table 3.5 — Case study 1, Outlet Damper
Outlet Damper \ Value —Var. 1,2 \ Unit

Pressure drop at nominal flow 380

\ Nominal operating point \
Nominal flow 94,9 m3/s
Nominal head 3528 m
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Hydrodynamic coupling

Hydrodynamic coupling parameters are summarized in the Table 3.6. Efficiency curve is set to linear,
which is adequate for simple hydrodynamic coupling used in the industry. However, for precise eval-
uation, it has to be always used hydrodynamic coupling performance curve generated directly by
manufacturer for specific load conditions. It is considered the identical hydrodynamic coupling for

both case study variants, which differ just by speed operating range — see Fig. 3.20 and Fig. 3.21.

Table 3.6 — Case study 1, Hydrodynamic coupling

Hydrodynamic coupling \ Value —Var. 1,2 Unit
Nominal speed 994 rpom
Nominal efficiency 89,0 %

Auxiliary losses 0 kW

Efficiency [%]
Efficiency [%]

Speed [rpm] Speed [rpm]
200 400 600 800 1000 ' 200 400 600 800 1000
= Hydrodynamic coupling efficiency [%] = Hydrodynamic coupling efficiency [%]
Fig. 3.20 Case study 1 —V1, Fig. 3.21 Case study 1—-V2,
Efficiency curve for hydrodynamic coupling Efficiency curve for hydrodynamic coupling

Summary

To be able to compare just pneumatic part including fan and flow control technigues see following
figures Fig. 3.22 and Fig. 3.23, which summarizes fan and control efficiency in one figure to see the

relative differences without the effect of drive and power supply.

Efficiency [%]

Flow [%] Flow [%]
80% 85% 90% 95% 100% 92% 94% 96% 98% 100%
e e o o » Fan + Inlet Guide Vanes e e o o » Fan + Inlet Guide Vanes
Fan + Inlet Damper Fan + Inlet Damper
e= = Fan+ Outlet Damper e= e= Fan+ Outlet Damper
= « Fan+OnOff e= « Fan+OnOff
Fan + Variable Speed Control Fan + Variable Speed Control
Fig. 3.22 Case study 1 —V1, Fig. 3.23 Case study 1 —V2,
Summary of pneumatic system efficiency Summary of pneumatic system efficiency
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3.2.1.4 Electrical motor

Electrical motor for both CFC and VFC is supposed to be identical, specified according to Table 3.7.
Note, that the motor is slightly overpowered - for most of flow control methods, it would be suffi-
cient 650 kW electrical motor. Nevertheless, to simplify the case study, single motor covering all
possible variants has been selected. There is a neglectable effect in energy consumption due to
higher efficiency of 800 kW typical induction machine against 650 kW machine, which compensates
the shape of efficiency curve lowering with the power. Naturally, from investment costs point of
view, 650 kW machine would be preferred. No gearbox is needed due to fan speed matching the
common speed range of induction machines. Electrical motor nominal performance curves and ap-
proximated performance curves for VSC are in the Fig. 3.24 and Fig. 3.25 for both variants.

Table 3.7 — Case study 2, Electrical motor

Electrical motor CFC VFC

Value -Var. 1,2 | Value -Var. 1,2

| Nominal parameters H

Mechanical power 800 800 kW
Voltage 6 000 6 000 \
Current 96 96 A
Frequency 50 50 Hz
Speed 994 994 rom
Number of poles 6 6 -
Efficiency 96,90 96,90 %
Power factor 0,830 0,830 -
Apparent power 995 995 kVA
Shaft Torque 7 686 7 686 Nm
Slip 0,0060 0,0060 -

Aucxiliary losses 0 0 kW

0,9 0,9

0,8 0,8

Efficiency [%]

0,8 0,8

Efficiency [%]

Power factor [-]
Power factor [-]

0,7 0,7

0,7 0,7

0,6 0,6

Mechanical power [kW] iz
0 200 400 600 800 1000 1200
Nom. Efficiency [%] OP Efficiency VFC [%]
Nom. Power factor [%] =@ == OP Power factor VFC [-]

Mechanical power [kW] iz

0 200 400 600 800 1000 1200
Nom. Efficiency [%] OP Efficiency VFC [%]
Nom. Power factor [%] =@ == OP Power factor VFC [-]

Fig. 3.24 Case study 1 -V1,
Electrical motor performance curves

Fig. 3.25 Case study 1 -V2,
Electrical motor performance curves
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3.2.1.5 Frequency converter

For the purposes of this case study, frequency converter is considered with a constant efficiency and
power factor over the entire operating range, which is sufficient in relation to the total application
efficiency. See Table 3.8, Fig. 3.26 and Fig. 3.27 for details. Frequency converter is supplied directly

from plant 6 kV distribution network —i.e. no transformer is included.

Table 3.8 — Case study 2, Frequency converter

Frequency converter \ Value —Var. 1,2 \ Unit
‘ Input nominal FC parameters ‘ ‘
Input voltage 6 000 V
Power supply frequency 50 Hz
Efficiency 97,5 %
Nominal power factor 1 -
Apparent power 1641 kVA
Current 158 A
\Output FC parameters \ \
Nominal continuous apparent power 1600 kVA
Frequency range 1-66 Hz
Aucxiliary losses 0 kw
_‘—tﬂttllll-(-( _‘—“
I T £ o
g g g g
] 8 5] 8 09
2 5 2 &
b=
f 8 0 g 08
(-9 o
0,7
0,6
Apparent power [kVA] Apparent power [kVA] =
0O 200 400 600 800 1000 1200 1400 0O 200 400 600 800 1000 1200 1400
Nom. Efficiency [%] OP Efficiency VFC [%] Nom. Efficiency [%] OP Efficiency VFC [%]
Nom. Power factor [%] =g == OP Power factor VFC [-] Nom. Power factor [%] =g == OP Power factor VFC [-]
Fig. 3.26 Case study 1 —V1, Fig. 3.27 Case study 1 —V2,
Frequency converter performance curves Frequency converter performance curves
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3.2.1.6 Technical evaluation

This chapter summarizes the results of technical evaluation of both variants of the case study. For
each variant of case study, it has been processed evaluation of energy consumption and/or energy
savings and total energy efficiency comparison of each flow control technique with variable speed
flow control with VSD at each operating point according the operating profile.

Variable speed flow control is clearly the most efficient option in the comparison to other flow
control techniques and both case study variants. However, see the comparison of energy savings
based on the case study variants and/or weighted flow rates.

Inlet guide vanes is clearly the most efficient passive flow control technique in this case — see
Fig. 3.28 and Fig. 3.29. Comparing the both case study variants, reduction of weighted average of
flow of 6,21% resulted in reduced saving of VSC about 27,5% from 9,1% to 6,6%.

Inlet damper is the second behind inlet guide vanes from energy consumption point of view —
see Fig. 3.30 and Fig. 3.31. Comparing the both case study variants, the reduction of weighted aver-
age of flow of 6,21% resulted in reduced savings of VSC about 28,5% from 14% to 10% - i.e. similar
to inlet guide vanes.

Considering outlet damper, the energy consumption is highly dependent on the operating
flow range and/or weighted average of flow — see Fig. 3.32 and Fig. 3.33. The energy savings differ-
ence of VSC between the case study variants is almost 60 % in contrast to difference of weighted
average of flow 6,21 %. Hence, employing of outlet damper is usually suitable just for pneumatic
systems with low flow rate variations.

The greatest variation of energy savings of VSC between the two variants is notable in com-
parison of On-Off control — see Fig. 3.34 and Fig. 3.35. The reduction of weighted average flow rate
resulted in reduction of relative savings of VSC about 68%. Hence similarly to outlet damper, on-off
control is not suitable for applications working within a high operating range. Moreover, the appli-
cations have to be flow cycling suitable.

Finally, VSC with hydrodynamic coupling and VSC with frequency converter are to be com-
pared — see Fig. 3.36 and Fig. 3.37. The control efficiency equals one for both variants, hence the
energy consumption difference is influenced only by the drive. VSC with frequency converted per-
formed better in both variants, however result is very influenced by HC efficiency curve, which would
have to be provided directly by HC manufacturer for reliable conclusion. In this case study, VSC with

HC performed even worse than passive flow control using IGV.
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Inlet Guide Vanes
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Fig. 3.28 Summary of results — V1 — Inlet Guide Vanes,
Energy consumption and saving potential to VFC — left, Efficiency compared to VFC —right.
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Fig. 3.29 Summary of results — V2 — Inlet Guide Vanes,
Energy consumption and saving potential to VFC — left, Efficiency compared to VFC —right.

Inlet Damper
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3o m Savings with VFC [%]
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80% 83% 88% 90% 93% 95% 98% 100%
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Fig. 3.30 Summary of results — V1 — Inlet Damper,
Energy consumption and saving potential to VFC — left, Efficiency compared to VFC —right.
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Fig. 3.31 Summary of results — V2 — Inlet Damper,
Energy consumption and saving potential to VFC — left, Efficiency compared to VFC —right.
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Outlet Damper
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Fig. 3.32 Summary of results — V1 — Outlet Damper,

Energy consumption and saving potential to VFC — left, Efficiency compared to VFC —right.
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Fig. 3.33 Summary of results — V2 —Outlet Damper,
Energy consumption and saving potential to VFC — left, Efficiency compared to VFC —right.

On-Off Control
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Fig. 3.34 Summary of results — V1 — On-Off control,
Energy consumption and saving potential to VFC — left, Efficiency compared to VFC —right.
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Fig. 3.35 Summary of results — V2 — On-Off control,
Energy consumption and saving potential to VFC — left, Efficiency compared to VFC —right.
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Variable speed flow control with Hydrodynamic coupling
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Fig. 3.36 Summary of results — V1 —VSC with HC,
Energy consumption and saving potential to VFC — left, Efficiency compared to VFC —right.
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Fig. 3.37 Summary of results — V2 — VSC with HC,
Energy consumption and saving potential to VFC — left, Efficiency compared to VFC —right.
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3.2.1.7 Summary

Table 3.9 and Table 3.10 summarize the main technical and economical indicators. The investment
costs are commonly the subject of business secret and therefore, could not be included in the cal-
culation. Energy cost, interest rate and service life have been set to constant for both VFC and CFC
to present comparison under identical conditions, however especially the service life and additional
operating cost may significantly differ and have to be accounted when evaluating commercial case
study.

From technical results, it is presented energy consumption and savings of energy and CO; of
variant with frequency converter (VFC) in comparison to other flow control techniques.

From economical parameters, annual savings and Net Present Value (NPV) of variant with fre-
guency converter against other variants have been calculated. Payback period is zero due to no in-
vestment costs included in the submission.

The summary clearly shows the advantage of VSC with FC against all the other options for both
the case study variants. It is clearly observable the trend of increasing saving potential of VSC with

extending of flow range in relation to passive flow control techniques.
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Table 3.9 — Case study 1, Summary V1

Inlet
Damper

Outlet
Damper

On-Off ’VSC—HC’ VSC—FC’ Unit

Total investment costs 0 0 0 0 0 0 €
Additional :
dditional operating 0 0 0 0 0 0 €/year

cost

Energy cost 0,021 | 0,021 | 0,021 | 0021 | 0,021 | 0,021 | €/kwWh
Interest rate 5,0 5,0 5,0 5,0 5,0 5,0 %
Service life 15 15 15 15 15 15 years
\Technical Results

Energy consumption 4057 4287 4391 4132 3688 '\CZ\;E/
Energy savings with 369 599 916 703 444 i MWh/
VFC year

R i ith

CO. Reduction with | o 300 458 352 222 - t/year
VFC
\ conomical Results — VFC to CFC

Annual savings 7,7 12,6 19,2 14,8 9,3 - x1000 €
Payback period 0 0 0 0 0 - years
Net Present Value 80 131 200 153 97 - x1000 €

Economical Data

Table 3.10 — Case study 1, Summary V2

IGV

Inlet
Damper

Outlet
Damper

On-Off ’VSC-HC VSC-FC|  Unit

Total investment costs 0 0 0 0 0 0 €
Additional operating 0 0 0 0 0 0 €/year
cost

Energy cost 0,021 0,021 0,021 0,021 0,021 0,021 €/kWh
Interest rate 5,0 5,0 5,0 5,0 5,0 5,0 %
Service life 15 15 15 15 15 15 years
\Technical Results

Energy consumption 4771 4842 4 695 4929 4 456 '\CZ\QC/
Energy savings with 315 494 186 539 473 i MWh/
VEC year
\C/SCZ Reduction with| 158 | 247 | 193 | 120 | 237 . t/year

‘ Economical Results — VFC to CFC

Annual savings 6,6 10,4 8,1 5,0 9,9 - x1000 €
Payback period 0 0 0 0 0 - years
Net Present Value 69 108 84 52 103 - x1000 €
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3.2.2 Case study 2 - Axial fan

The second case study solves axial-type fan for power plant cooling tower. The methodology of eval-
uation of conventional flow control techniques (inlet guide vanes, inlet damper, outlet damper and
on-off control) for axial fan is identical to radial-type fan and the performance has been already pre-
sented in former case study. Therefore, this case study will focus explicitly on presentation of pitch-
flow control, which is specific for axial fans.

In the case study, pitch flow control will be evaluated and compared to variable speed flow
control, which is the most competing alternative from efficiency and energy demand point of view.
The case study is focused specifically to pneumatic part of fan application — the evaluation of drive
part has been widely presented in former case studies. The electrical motor is considered identical

for both pitch and variable speed flow control variants.

3.2.2.1 Pneumatic system & Operating profile
The case study pneumatic system parameters are summarized in the Table 3.11. For operating pro-
file see Fig. 3.38.

Table 3.11 — Case study 2, Pneumatic system

Pneumatic system H Value Unit
\ Pneumatic system H

Nominal flow 480 m3/s
Nominal total head 150 Pa
Nominal dynamic head 150 Pa
Nominal static head 0 Pa
Static / referenced head control constant

Gas density 1,150 kg/m?3
\System operating data H

Annual running time 8590 h
Flow operating range 70-100 %
Weighted average of flow 88,73 %
Weighted average of pneumatic system power 71,25 %

Operating time [%]

Fig. 3.38 Case study 2,
Operating profile
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3.2.2.2 Fan

It is employed axial fan with nominal parameters according to Table 3.12. Fan pressure-flow and

efficiency-flow performance curves approximated for variable speed within the operating range are

presented in Fig. 3.39 and Fig. 3.40. Fan and pneumatic system nominal operating points are identical

in this case.

Table 3.12 — Case study 2, Fan

Fan ‘ Value —Var. 1,2 ‘ Unit
Fan | |
Nominal speed 176 rpom
Flow operating range at nominal speed 336-600
\ Fan Nominal Operating Point
Flow 480 m3/s
Pressure 150 Pa
Efficiency 83,0 %
Pneumatic power 72 kW
Mechanical / shaft power 87 kw
Torque 4707 Nm

Flow [m3/s]

100 200 300 400 500 600

System Curve
Fan VSD Flow Restriction
Fan Nominal Curve

Pressure [Pa]

700

Fan Variable Speed Curves

Fig. 3.39 Case study 2,
Fan & Pneumatic system curves

Efficiency [%]

Flow [m3/s]
100 200 300 400 500 600 700

Fan efficiency —e— Fan operating points

Fig. 3.40 Case study 2,
Fan VSC efficiency curves
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3.2.2.3 Flow control

Approximated efficiency surface for pitch-controlled fan is presented in the Fig. 3.41. The white path
marks the efficiency for the pneumatic system obtained as a two dimensional interpolation of fan
efficiency space by pneumatic system curve. Nevertheless, it has been used efficiency curve gener-
ated directly from fan datasheet for the system curve and/or flow and pressure. The difference be-
tween automatically generated efficiency curve, based just on a nominal efficiency value, and real
efficiency curve from fan datasheet is noticeable in the Fig. 3.43 — white and grey curves. See also in
detail the efficiency progress for variable speed and pitch control compared to fan efficiency at fan
nominal speed, which is often incorrectly used. In the Fig. 3.42, see the efficiency comparison of the
pneumatic part for the all-possible flow control techniques. The variable speed control provide the
best results considering just the pneumatic part, however pitch control stays in the worst case just
3% behind. The pneumatic efficiency of other flow control techniques — inlet guide vanes, inlet
damper, outlet damper and on-off control is about 10 % lower at nominal operating point and stee-

ple decreases with the flow. Outlet damper would be the worst choice in this case.

g
z
c
2
=
£

Flow [%)]
75% 80% 85% 90% 95% 100%
Flow [m3/s] e o o o o Fan+ Inlet Guide Vanes
Fan + Inlet Damper
¥ 0%-10% ™ 10%-20% ™ 20%-30% ™ 30%-40% ™ 40%-50% : ._ E:: : 8:8}3‘: Damper
™ 50%-60% ™ 60%-70% M 70%-80% M 80%-90% Fan + Variable Pitch Control
Fan + Variable Speed Control
Fig. 3.41 Case study 2, Fig. 3.42 Case study 2,
Fan efficiency for pitch control Efficiency comparison of fan & controls

Efficiency [%]

e Fan Nominal Curve
Variable Speed Control
Variable Pitch Control
Flow [%] e \/ariable Pitch Control (GEN)

70% 90% 100%

Fig. 3.43 Fan nominal efficiency curve versus efficiency for
variable speed and pitch controlled fan.
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3.2.2.4 Technical evaluation

Below, it is summarized the results of technical evaluation of both variable speed and pitch con-

trolled variant for the case study. In Fig. 3.44 top, see the comparison of total energy consumption

and energy efficiency for Pitch control versus VSC, below see in detail efficiency chain breakup for

pitch control variant. In detailed breakup for VSC is available in Fig. 3.45.
Energy consumption CFC [MWh]

Energy consumption VFC [MWh]
m Savings with VFC [%]
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Fig. 3.44 Summary of results - Pitch Control versus Variable Speed Control,
Energy consumption and saving potential to VFC — top left, Efficiency compared to VFC — top right,
Efficiency chain breakup for Pitch Control — down.

Efficiency [%]

S 15
= +)s
i |
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® Control Eff. ® Gearbox = Motor Transformer X Total Flow [%]

Fig. 3.45 Summary of results, Efficiency chain break up for VSC

The results confirm the almost equal performance at high flow rates. Although the pure pneumatic
efficiency is higher over the whole operating range (see Fig. 3.43) the final VSC efficiency of the whole

drive chain is lower than by pitch-controlled fan. The lower efficiency is given especially by lower
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variable speed controlled electrical motor and additional losses in frequency converter — see Fig.

3.44, bottom. The efficiency tipping point is at the 70% of flow where VSC becomes more efficient.

3.2.2.5 Summary

Main technical and economical indicators are summarized in the Table 3.13. The investment costs
are commonly the subject of a business secret and therefore, could not be included in the calcula-
tion. Energy cost, interest rate and service life have been set to constant in both cases to present
comparison under identical conditions, however especially the service life and additional operating
cost may significantly differ and has to be accounted when evaluating a commercial case study.

From technical results, it is presented energy consumption and savings of energy and CO,.
From economical parameters, annual savings and Net Present Value (NPV) of variant with frequency
converter against pitch controlled variant have been calculated. Payback period is zero due to no
investment costs included in the submission.

The summary shows the tiny advantage for pitch controlled variant in this case, considering
energy consumption and/or savings. The investment costs are supposed to be lower as well. Never-
theless, the result is valid specifically for this case — mainly due to high weighted flow rate at almost

90% of nominal flow.

Table 3.13 — Case study 2, Summary

Pitch
control | VSC- FC Unit

Total investment costs 0 0 €
Additional operating cost 0 0 €/year
Energy cost 0,021 0,021 €/kWh
Interest rate 5,0 5,0 %
Service life 15 15 years

\Technical Results

‘ Economical Results — VSC to Pitch Control

Energy consumption 366 374 MWh/year
Energy savings with VFC - -8 MWh/year
CO, Reduction with VFC - -4 t/year

Annual savings 0,2 - x1000 €
Payback period 0 - years

Net Present Value 1,6 - x1000 €
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3.3 Conclusion for single fan applications

In the part of single fan applications, it has been systematically presented the way of evaluation of
the pneumatic part of fan applications. It has been in detailed described developed methodology
and mathematical models of pneumatic system and fan considering compressible medium. The most
common fan flow control techniques have been also included, to be able to compare them among
each other on a particular application — namely: flow control by inlet guide vanes, inlet damper,
outlet damper, on-off control and variable flow speed control employed for both axial and radial
type of fans. Furthermore, methodology for pitch-controlled axial fan has been also presented. All
the mathematical models have been expressed due to non-linear character in a numerical form suit-
able for direct software implementation.

One of the main difficulties - while evaluating and compare flow control technigues in real
case studies - is the lack of publicly available complex set of data and/or performance curves for fans
and flow control techniques. Hence, the necessary typical performance curves of fans and control
techniques obtained from credible sources and/or manufacturers has been included as a referenced
ones to provide the complex set of relevant data in case evaluation of poorly defined case studies.

Finally, the presented mathematical models and methodology have been implemented in the
sophisticated software tool Medium-Voltage Drive Fan Save 2012. The tool has been developed to
provide a support in evaluation process of the high-power - especially industrial - fan applications in
the future and to verify the performance of mathematical models and methodology behind the tool
on real case studies. The first case study is focused on presentation of radial-type fan and related
common flow control techniques on a gas recirculation application in thermal power plant. The sec-
ond case study was evaluated to present specifically the performance of axial pitch-controlled and
variable speed controlled fan used in power plant cooling towers. The attention while presenting the
case studies has been put mainly to proper specification and presentation of pneumatic part and
total comparison of flow control techniques and its technical and economical indicators, while the
methodology and mathematical models of drive part has been widely presented in the former sec-

tion of single pump application.
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4 Multiple pump applications with parallel control

This chapter focuses specifically to optimization of control of a group of variable speed controlled
pumps working in parallel into common hydraulic system. The optimization commonly used is based
on just empiric knowledge in combination with check measurements due to complexity of evaluation
of optimal operation arising from solution of optimization task of highly nonlinear and multidimen-
sional systems. Recently, there have been published several optimization approaches converting the
task into mixed integer nonlinear programming problem ([34], [35]) or using dynamic programing
[36]. The advantage of these approaches is especially the “real-time” character. However, the pump
performance curves have to be converted into analytical representation which can lead — depending
on the shape of the real pump curves - to significant total energy consumption prediction error,
especially in high-power pump applications that are the target ones. The tiny error in control effi-
ciency estimation in these applications can lead to substantial energy losses over the pumps lifetime.

In this chapter, it is presented a solution of the optimization task based on the numerical op-
timization method using recursive brute force approach to provide solution taking into account real
pump performance curves and precise-enough solution for a general case. Special attention has
been then paid to the case of group of pumps consisting from subgroups of identical pumps, which
is the very often case in parallel pump applications.

In the first part, it is described the developed algorithm for calculation of optimal and/or most
efficient flow distribution among pumps for general hydraulic system operating point and number
of pumps. Then it is presented a performance of the algorithm on case studies based on real appli-
cations that have been solved using this algorithm. Sensitivity analysis of system static head on opti-
mal operating profile has been done as well to present the influence of system static head on optimal
control for a special case of identical pumps, which is often met in practice. The algorithm has been
implemented in the Mathworks Matlab R2012b that has been used to evaluate the presented case

study results.

4.1 Optimal control algorithm

The objective of the algorithm for optimal control is to find the optimal operating profile — the func-
tion of a single pump flow on total hydraulic system flow - for each pump in a group - which will
ensure maximal total efficiency and/or minimal possible power consumption of the group of pumps
for any hydraulic system operating point. To provide a clear idea about the purpose of the algorithm,
expected results and developed methodology at the beginning of the description, following simple
two pump case study results are included as an illustrative example (Fig. 4.1).

The algorithm is based on a brute-force exploring of the entire operating space. In the first
phase, all operating states and/or flow vectors are generated (Fig. 4.1 A,B — white points). The num-
ber of operating points and/or combinations increases exponentially with the number of pumps —as
the space dimension order equals to number of pumps order. In the second phase, obtained data
are analyzed to search an optimal control path based on set of weight criterions — see the resulting
path in Fig. 4.1 A,B (the black part indicates the operating range, the grey-dashed part indicates the

connection of non-continuous sections).
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A Diagram of optimal flow distribution
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Fig. 4.1 lllustrative sample of a simple case study with 2 identical pumps, (Hn = 80m, Hst = 72m)
3D view on operating space (A), 2D projection of operating space (B), pump flow diagrams and to-
tal/group efficiency (C), pump speed diagrams and total hydraulic power (D)
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Based on the optimal control path, final operating flow and speed diagrams in relation to total hy-
draulic system flow are generated (Fig. 4.1 C,D) including additional performance characteristics —
e.g. total efficiency and total hydraulic power.

The overview flow chart diagram of the algorithm is presented in the Fig. 4.2, a detailed de-

scription is given below.

4.1.1 Flow chart diagram

4.1.1.1 The main block

The main block is used as a container including functions for processing of input data and/or param-
eters, launching of core of the algorithm and for processing of returned results.

Following input parameters are considered for the calculation:

e Hydraulic system

o Static head [m]
o Nominal head [m]
o Nominal total flow [m3/h]

o Number of pumps in parallel

o Pump Q-H performance curves for each pump

o Pump Q-n performance curves for each pump

o Operating range and/or minimal flow restriction for each pump
e (Calculation

o Resolution and/or flow discretization step [m3/h]

Pump performance curves are sampled in a custom resolution, cubic interpolation is then employed
for data processing.

Calculation of flow state vectors is processed via function getFlowStates and its child functions,
which are described later. The returned result represent the entire flow state space including other
derived state parameters and/or variables for each flow state vector — total flow, total head, total
efficiency and partial flow, speed and efficiency of each pump.

To get the optimal control way and/or the optimal flow and speed operating diagrams — the
flow state vector with highest total efficiency in relation to total flow is selected from the flow state

space for each unique total flow via sorting and filtering according to following criteria:

A. Sorting (according to priority)

Total flow (from low to high)
Total efficiency (from high to low)

1
2
3. Flow states with flow distribution ratio equal to nominal flow ratio
4.  Number of active pumps (high to low)

5

. Pump partial flow (Pump 1, Pump 2, ..., number of pumps)
B. Filtering (filtering of the first unique value of each total flow operating state — the first unique

flow state matches best the above sorting criteria)
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Chapter 4 Multiple pump applications with parallel control

The resulted optimal control path and/or flow vectors are considered as ideal ones in the discretized
space — in this form can be directly interpreted and visualized, however for a final implementation
further post processing is needed. The post processing is not a part of this work, due to specific

approach based on a concrete applications, however following procedures have to be done:

1. The optimal control path is usually divided by several discontinuities, which would case haz-
ard state for the pumps. This can be solved by employing hysteresis and/or by generating

two operating profiles for the direction up and down.

2. The result is generated in discrete form. For a simple applications or applications with re-
stricted space of freedom, linear approximation of obtained results is usually sufficient. Nev-
ertheless for complex applications more sophisticated multidimensional curve fitting meth-
odology is usually required. The alternative to curve fitting process is to refine the flow state
grid and use linear multidimensional interpolation, however, this can be especially for more
than 4-pump applications very computer-power demanding due to exponential character

of calculation power demand.

4.1.1.2 Exploring of a flow state space

To explore a general n-dimensional space a recursive function approach has been used in the algo-
rithm. The building of the flow state space is covered via function getFlowStates in the Fig. 4.2. The
function initializes and runs the recursive function flowStatesBuilder, which generates the flow state
space and related flow states characteristics and function flowStatesBuilderAddon, which refine the
flow state grid for a special cases.

The recursive function flowStatesBuilder is the core function generating the n-dimensional
flow state space of all combination or variations (order dependent) of partial flow states including
calculation of state characteristics of pumps and/or hydraulic system at each flow state. The n rep-
resents the number of parallel pumps in the group working into common hydraulic system. Total
number of variations is dependent upon the calculation step and nominal flow rate of pumps — see
(4.1).

The following quantities are calculated for each flow state vector:
1. Total flow rate and partial flow rate for each pump
2. Total discharge head and/or system head
3. Speed rate for each pump
4. Efficiency for each pump
5. Total efficiency of the pump group

Total flow rate is expressed in (4.2), hydraulic system total head and/or pump group total discharge
head in (4.3). Common hydraulic system is considered — i.e. pumps in the group are linked via the
outlet and/or system pressure that is common for the whole group. Single pump speed and effi-
ciency is then in (4.4) and (4.5). Total efficiency for a group of pumps is then expressed in (4.6).

Following minimal flow condition has to be fulfilled to ensure operation within pump operating range
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Chapter 4 Multiple pump applications with parallel control

- see (4.7). For in detailed derivation of hydraulic system curve and model of single pump for variable

speed control see chapters 2.1.1 and 2.1.2.

o O (4.1)

var

i=1 cStep

Mpunps (42)

QPT—j = Z QPi—j ; j..group state; i...single pump state
i=l

O (4.3)
H ST-j =H STsy +H STdy, X —— j...group state; i...single pump state
QSTN
2 (4.4)
HAuxC = HPi—j X (QPiN-cme / QP[‘/ )
QAuxC = QPiN-curve
I:QPequ—j 4 H PegNi—j :I = f‘lntersetLinIntArray (QPiN_wm, 4 H Pin_curve ® QAuxC 4 H AuxC )
j...group state; i...single pump state
: (4.5)
iy
Moio; = f} niCubdrray QPi.’V-cun'e N/ iy QPi—j X X | j...group state; i...single pump state
Pi-j
, 1 ﬂ (4.6)
Z Op_;[m” /h]x Hg_[m]x plkg /m”|x g[m/s"]
P [kW]=-t
" 1000
mrogs O [’ h|x Hy_[m]x plkg /m’ |xg[m/s"]
Py kW)= ), 2 = '
J
i=1 771),'_.,' [_]
M pumps
P Z QPi—j
777‘ = hT — i=1
-/ P pumps
PET i QPi—j
=t Mpi_j
j...group state; i...single pump state
QPi—j 2 QPmin-i—j (47)

Np_;

QPmin-i—j = QPI'—W”N x

Piy

j...group state; i...single pump state

Function flowStatesBuilderAddon in the Fig. 4.2 refine the basic flow state grid about additional flow
state vectors obtained according to (4.8). Within the testing of the basic algorithm, it has been ob-
served that for identical pumps with the typical centrifugal pump flow-efficiency curves, the optimal
flow distribution is determined exactly by the ratio of pump nominal flow rates. Hence, adding the

specific flow vectors into the basic flow state space smooth the optimal operating diagrams with no

Page 136



Chapter 4 Multiple pump applications with parallel control

necessity of decreasing calculation discretization step. The number of variations of flow distribution
for one flow state vector is expressed in (4.9). The total number of additional flow state vectors is
then in (4.10). Nevertheless, it must be emphasized, that the positive effect is observable just in the
pump applications consisting of identical pumps and/or pump subgroups — which is however a very
often case. Alternatively, it can be observed also for pumps differently sized however with propor-
tionally shaped pump-flow efficiency curves in flow-axis direction - but this is only a theoretical case
—see chapter 4.2.2.4.

The characteristic quantities for additional flow states are evaluated in the same way like in

the function flowStatesBuilder.

Mapumps—j (4 8 )

Z QP iy —J Mapumps—j
1= . —
O, =% Cp 15 2, Oy =Cr

a ™ Napumps— j .
i,=1

Z Q Py =i, ’

i,=1

a

J-.group state; i ... active single pump

7 =2 (4.9)

nvar -j

j...group state

N pymps
> Op,-i
i=l X7

nvar = var—j
QcStep
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Chapter 4 Multiple pump applications with parallel control

4.2 Algorithm verification - Case studies

In this chapter, it is presented the performance of designed algorithm of optimal distribution of hy-
draulic system total flow among pumps in a group. To present the results in a clear way, two case
studies have been evaluated. The first —basic one — consists of a group of just two pumps that enable
to present the operating space and optimal control path in an easy to imagine way in the form of 3D
figures. The second case study solves then a more complex application consisting of a group of four
pumps. Both presented case studies are based on a real application, which has been solved using
this algorithm. However, to show the performance under conditions that are more complex and to
show several remarkable tendencies, which can be observed and/or generalized for similar applica-

tions, additional derived variants of case studies have been evaluated.

Page 138



Chapter 4 Multiple pump applications with parallel control

4.2.1 Case study 1 —Two pump application

4.2.1.1 Specification

It is considered a two-pump application working in parallel into common hydraulic system. It has
been elaborated three variants of the application differing by particular changes in the configuration
to be able to make relevant comparison among each other. The specification of hydraulic system
and pump group parameters and configurations is summarized in the Table 4.1. In the Fig. 4.3, see
the default pump performance characteristics expressed in per unit values that have been used for
pump modelling.

The first variant presents the influence of a ratio of hydraulic system static and dynamic head
on a variable speed controlled group of pumps. Pumps are considered identical. The second variant
presents the effect of variable sizing of pump in the group considering identical and/or similar effi-
ciency curves. The last variant then present the effect of both variable sizing of pumps in the group

including variable efficiency curves, which is the most probable case.

Table 4.1 — Case study 1, Specification of hydraulic system & pumps

Hydraulic system

\ Hydraulic system

Nominal flow 1200 1200 1200 m3/h
Nominal total head 80 80 80 m
Nominal dynamic head [72, 8] [72, 8] [72, 8] m
Nominal static head [8, 72] [8, 72] [8, 72] m
Static / referenced head control constant constant constant
| Pumps | |
Number of pumps in parallel 2 2 2
Identical pumps yes no no
Nominal total head 80 [80, 80] [80, 80] m
Nominal flow 600 [600, 800] (600, 800] m3/h
Nominal efficiency 80 [80, 80] (68, 84] %
Nominal speed minimal flow 120 [80, 160] [80, 160] m3/h
2 09 2
® 038 g
= 073
0,6 &
0,5
04
03
0,2
Fl i
ow [pu] 00
0,2 04 0,6 0,8 ) 12
Head [pu] —— Efficiency [pu]
Fig. 4.3 Referenced pump performance curves in
per-unit expression
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Chapter 4 Multiple pump applications with parallel control

4,2.1.2 Results

The first case presents especially the influence of the ratio of hydraulic system static and dynamic
head on the optimal control. The results of the first case study variant are summarized in the Fig. 4.4
and Fig. 4.5. See the symmetrical operating space determined by the employment of identical pumps
and compare especially the shift of switching point in the flow diagrams and the total efficiency
curve. It is notable, that the switching point is shifting with increasing ratio of static head, what
changes the operation character from purely parallel operation in hydraulic system with zero static
head to parallel cascade in hydraulic system with high ratio of static head. Similar tendency is con-
firmed also later on the static head sensitivity analysis in the second case study of four-pump appli-
cation — chapter 4.2.2.3. The total efficiency curve is notable smoother in the first variant, which is
given by the employment of variable speed control, and high-speed operating range in hydraulic
systems with a low static head.

The second variant solves the identical hydraulic system with a different composition of pump
sizes of 400 m3/h and 800 m3/h instead of two identical pumps of 600 m3/h of nominal flow. See
results in the Fig. 4.6 and Fig. 4.7 for low and high ratio of hydraulic system static head. Comparing
the first sub variant (Fig. 4.6) with a low static head former variant (Fig. 4.4), no significant improve-
ment in the total efficiency curve is mark able, beside the little higher efficiency at very low flows,
which are usually out of the common operating range. Comparing the second sub variant solving the
high-static head hydraulic system (Fig. 4.7), decomposition to variable sizes improved the efficiency
progress both in the low and middle flow range in comparison to Fig. 4.5. See that in spite of different
pump sizing, the best efficiency area lies on the diagonal of pump flow axis for the ranges of parallel
operation — this confirms the assumption according to (4.8). Nevertheless, the both pumps are sup-
posed to have ideal, identically and/or similarly shaped efficiency curves in relation to pump nominal
flow.

The third variant reflects the same hydraulic system taking into account also the real efficien-
cies of pumps. See that the optimal operating path is not on the diagonal of flows and both flow
operating diagrams and total efficiency curves are more complex in both sub variants compared to
former ones - see Fig. 4.8 and Fig. 4.9. This confirms the necessity of proper evaluation of each indi-
vidual case study taking into account the real pump performance curves to ensure the most efficient

operation in the entire operating range.
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Diagram of optimal flow distribution
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Fig. 4.4 Case study 1 —from top to bottom:
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flow diagrams and total efficiency diagram.
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3D and 2D projection of operating space, pump
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Diagram of optimal flow distribution
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Chapter 4 Multiple pump applications with parallel control

4.2.2 Case study 2 — Four pump application

4.2.2.1 Specification

It is considered a four-pump application working in parallel into common hydraulic system. Three
variants of the application have been elaborated, differing by particular changes in the configuration
to be able to make relevant comparison among each other. The specification of hydraulic system
and pump group parameters and configurations is summarized in the Table 4.2. Pump performance
characteristics used for the modelling are based on the identical referenced pump curves expressed
in per unit values as in the former case study — see the Fig. 4.3.

The first variant presents the comparison of variable speed controlled pumps (VSC) to fixed
speed controlled group of pumps in the case of hydraulic system with a zero static head. In the sec-
ond variant, static head sensitivity analysis has been performed in the range of 0% to 90% of the
ratio of static head on the total hydraulic system head to present the major impact of this factor and
relation to optimal control and/or total efficiency curve. The last variant then presents the solution
of hydraulic system with a high static head via the differently sized group of pumps with ideal and

real efficiency curves.

Table 4.2 — Case study 2, Specification of hydraulic system & pumps

Hydraulic system

\ Hydraulic system

Nominal flow 3200 3200 3200 m3/h
Nominal total head 80 80 80 m
Nominal dynamic head 80 [80, 72, 40, 8] 8 m
Nominal static head 0 [0, 8, 40, 72] 72 m
Static / referenced head control constant constant constant
Number of pumps in parallel 4 4 4
Identical pumps yes yes no
Nominal total head 80 80 80 m

. 400, 400,
Nominal flow 800 800 1[20(), 1200] m3/h
Nominal efficiency 80 80 {22, 22} %
Nominal speed minimal flow 160 160 [80, 240] m3/h
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4.2.2.2 Results — Variable speed control versus throttling

Below see the comparison of variable speed controlled group of pumps (Fig. 4.10) to fixed speed
group of pumps controlled via throttling (Fig. 4.11). It is clearly observable the advantage of VSC
group of pumps in hydraulic systems with a zero static head —i.e. liquid circulating applications. The
speed is controlled in a full range and efficiency keeps nominal in an ideal case in the contrast to
fixed speed control, where the efficiency is just flow dependent. Moreover, the total efficiency in the

throttling case, takes into account just the efficiency of the pump without the control efficiency.
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Fig. 4.10 Case study 2 — VSC, Fig. 4.11 Case study 2 — Throttling,
pump operating diagrams of flow and pump operating diagrams of flow and
total efficiency. total efficiency.
Qn = [800, 800, 800, 800] m3/h; Qu = [800, 800, 800, 800] m3/h;
nn = [80, 80, 80, 80] %; nn = [80, 80, 80, 80] %;
Hstn=80 m; Hstsn=0 m; Hstn=80 m; Hstsn =0 m;
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4.2.2.3 Results — Static head sensitivity analysis

In this case, a static head sensitivity analysis has been performed in the range of 0% to 90% of the
ratio of static head on total head — see Fig. 4.12 to Fig. 4.15. Two major effects are observed. The
shifting of pump switching point from purely parallel operation to parallel cascade with the points of
discontinuity close to pump nominal operating range for the highest ratio of static head. In parallel,
the deformation of total efficiency curve is increasing with the ratio of static head which is caused
by decreasing of speed range. Note, that although pump efficiency curve is highly no-linear, the final
optimal operating diagrams shows, that simple purely parallel operation is the most efficient one for

all active pumps for a case of identical pumps in a group. However, the remaining challenge is to find

the optimal flow switching points in these cases.

Group flow [m3/h]

1000 1500 2000 2500 3000 3500

Group flow [m3/h]
1000 1500 2000 2500 3000 3500

Group flow [m3/h]
1000 1500 2000 2500 3000 3500

Flow [m3/h]

Group flow [m3/h]

1000 1500 2000 2500 3000 3500

Efficiency [%]

Group flow [m3/h]

500 1000 1500 2000 2500 3000 3500
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pump operating diagrams of flow and
total efficiency.
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4.2.2.4 Results — Variation of pump group composition

The last case study variation show the effect of employment of variable sized pumps in the group.
As a sample case, it has been selected the identical hydraulic system from former variant with a high
static head. Instead of four identical pumps with the nominal flow rate of 800 m3/h, two subgroups
of pumps with the nominal flow rate of 400 m3/h and 1200 m3/h were used. Comparing the result of
variable sized pumps in the Fig. 4.16 with the former case in the Fig. 4.15, the total efficiency curve
is significantly smoother with lower drops. Nevertheless, identically shaped efficiency curves with

nominal value of 80% were used. In the Fig. 4.17, see the identical case with variable efficiencies of

68% or 84% for the low and high flow rate pumps.
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4.3 Conclusion for multiple pump applications with parallel control

In this part, it has been presented the developed methodology and/or algorithm for generation of
an optimal control of variable speed controlled pumps working in parallel into common hydraulic
system. The presented algorithm is based on numerical optimization method using brute force ap-
proach, which enabled to solve the highly non-linear multidimensional optimization task in a reason-
able precision.

In the first part, it has been described the optimal control algorithm itself, including flow chart-
diagram and mathematical background for evaluation of flow state space and related quantities —
especially vector of pump speeds and total efficiency for each generated flow state vector. Due to
exponential demand on calculation power increasing with the number of pumps and/or flow state
dimension, special attention has been paid to cases of group of pumps consisting from subgroups of
identical pumps, which is the very often case in practice. A simplified solution has been observed in
these restricted cases, which sped-up the calculation process and/or enable to decrease the density
of grid of flow states.

In the second part, the performance of developed algorithm has been presented on two case
studies based on a successful application that has been solved using this algorithm. Moreover several
derived variants of the cases have been evaluated and in detailed graphically presented to show
especially the influence of a static head of a hydraulic system and variable sizing of pump in a pump
group on an optimal control in the form of flow control diagrams. The generated optimal flow control
diagrams are considered as ideal ones and further individual post processing is needed for final im-
plementation - the points of discontinuity (pump on/off switching points) are solved by the hysteresis

range and multidimensional curve fitting methodology is employed for final implementation.
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5 Conclusion

The high-power pump and fan applications are among the major electricity consumers in a world-
wide scale. Concurrently, these applications have a very significant energy-saving potential arising
especially from development of high-power electronics and/or frequency converters allowing to em-
ploy energy-efficient variable speed flow control in contrast to especially passive flow control meth-
ods. Nevertheless, the positive effect of VSC cannot be generalized and a change causing energy or
cost savings in one application can lead to just opposite in the other. One of the major barriers,
preventing massive redesign of existing applications and use of the energy-saving potential in new
applications, is the complexity of technical and economical evaluation of the lifetime energy savings
and/or energy consumption including the entire application chain. Hence, this thesis has focused on
the development of a complex set of mathematical models, methodology and software tools for
especially technical evaluation and energy efficiency optimization of these systems. The impact,
while designing the mathematical models and methodology, has been put on to use strictly just com-
monly available data (i.e. non laboratory measurement) with respect to practical use in real applica-
tions —i.e. special approximation techniques has been developed to be able to estimate the perfor-
mance out of the nominal operating states that are commonly the only ones specified.

The introductory part of the work has been dedicated to the state of the art, research moti-
vation and objectives of the work. In the second part, the attention has been paid to single pump
systems. It has been described the mathematical model of hydraulic system and centrifugal pump
including derivation of mathematical models representing flow control algorithms — i.e. especially
the pump performance under variable speed flow control in comparison to passive and/or fixed
speed flow control methods — throttling, bypass and on-off control. Then it has been presented de-
rived mathematical models of drive components — from gearbox, over electrical motor to hydrody-
namic coupling, frequency converter and transformer. Special attention has paid to approximation
technigues of especially induction machine and transformer

The second part of this thesis deals with single fan systems. It has been described mathemat-
ical model of pneumatic system and fan considering compressible medium. Then it has been pre-
sented the way of evaluation of the most common flow control techniques — flow control by inlet
guide vanes, inlet damper, outlet damper, on-off control and variable flow speed control - employed
for both axial and radial fans. Furthermore, a special methodology for pitch-controlled axial fans has
been also presented.

Finally, based on the presented theoretical background, sophisticated tools for energy effi-
ciency optimization of single pump and fan applications have been developed — MVD Pump Save
2012 and MVD Fan Save 2012 in their latest versions. The performance of developed mathematical
models, methodology and software tools have been widely presented on evaluated case studies.
Moreover, several case study variants have been elaborated to present the effect of selected im-
portant factors significantly influencing case study technical or economical results. A typical perfor-
mance curves for application components have been also included as a referenced one to provide a

complex set of relevant data for poorly specified case studies.

Page 150



Chapter 5 Conclusion

The last part of the thesis is dedicated to optimal control strategy of multiple pumps operating
in parallel into common hydraulic system. It is presented the unique algorithm and/or methodology
for generation of an optimal control strategy of these systems for both variable speed controlled and
fixed speed controlled pumps. The presented algorithm is based on numerical optimization method
using brute force approach, which enabled to solve the non-linear multidimensional optimization
task. A special solution, which significantly speed-up the calculation process, for the cases of re-
stricted space of freedom is also presented. The performance of the algorithm has been in detailed
graphically presented on elaborated case studies. Additionally, the influence of a static head of a
hydraulic system and the effect of variable sizing of pump in a pump group on an optimal control
strategy have been presented.

The results of this thesis — especially the developed software tools MVD Pump Save 2012 and
MVD Fan Save 2012 and the solution for optimal control of multiple pumps working in parallel - has
been already successfully applied in practice to solve a real cases for mainly ABB and CEZ company,

which have cooperate on a testing and verification process.

5.1 Main contribution of this thesis

e Design, development and verification of a complex set of methodology and mathematical
models for energy efficiency optimization of single pump applications.

e Design, development and verification of a complex set of methodology and mathematical
models for energy efficiency optimization of single fan applications.

e Design, development and verification of a unique algorithm for optimal control strategy of
multiple pumps operating in parallel into common hydraulic system.

e Development of special approximation techniques to improve the precision of mathematical
models out of the nominal operating state using just commonly available data and nominal
performance curves (i.e. non-laboratory measurements) for single pump and single fan ap-
plications.

e Collection of a complex set of typical performance curves which can be used as a referenced
one to provide the relevant data in case of poorly specified case studies.

e Widely presented case studies of the typical high-power pump and fan applications.

e The developed sophisticated software tool MVD Pump Save 2012, which is used for design,
optimization and technical and economical evaluation of single pump applications.

e The developed sophisticated software tool MVD Fan Save 2012, which is used for design,

optimization and technical and economical evaluation of single fan applications.
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5.2 Challenges for future research

Steam turbine drive for pump systems. In the thesis, it has been developed mathematical
models of fixed speed and/or variable speed electrical drive for pump systems. However,
especially in thermal power or heating plants high power steam turbines are often employed
on the site of drive. This solution is in general suitable especially for very high powers and
low operating power range variation. Nevertheless, the turbine drive should be considered
as an alternative and in-detail evaluated while making decision on the best possible drive as
well.

Complex system for multiple pump applications. The presented developed algorithm for op-
timal control of multiple pumps operating in parallel should be extended about the drive
part to be able to perform a complex design and evaluation of both technical and economical
parameters of these systems including the whole drive chain. Next way of possible research
is in the task of optimal sizing and/or composition of group of pumps. Finally, the other per-
spective way is a research focused on the alternative algorithm for optimal control based on
a continuous space using gradient and/or Newton’s Raphson optimization methods. This ap-
proach would potentially decrease the computational power demand, which would enable
direct implementation of the algorithm into PLC without the necessity of an offline pre-cal-
culation. The real time evaluation would be suitable also for dynamic processes. However,
the main drawbacks are especially the questionable reliability and calculation precision,
which are the most important factors in high-power applications.

Optimal control of multiple turbines in hydro power plants. The perspective way of the re-
search is the extension of developed algorithm for optimal control of multiple pumps to the
case of optimal control of multiple turbines, which are identical in many aspects. According
to our experience, the parallel turbine control is similarly to pump systems often based just
on empiric knowledge and test measurements and this area has a very significant energy
efficiency optimization potential for both “grid coupled” turbine-generators and variable
speed turbine-generators which have been recently employed in new and retrofit hydro

power plants.
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diagrams and total efficiency diagram. Qu = [400, 800] m3/h; nx = [80, 80] %; Hstn=80 m; Hsrsn= 72

Fig. 4.8 Case study 1 — from top to bottom: 3D and 2D projection of operating space, pump flow
diagrams and total efficiency diagram. Qu= [400, 800] m3/h; nx = [68, 80] %; Hstv= 80 m; Hsten= 8

Fig. 4.9 Case study 1 — from top to bottom: 3D and 2D projection of operating space, pump flow
diagrams and total efficiency diagram. Qu=[400, 800] m3/h; nn=[68, 80] %; Hstn= 80 m; Hssrrn= 72

Fig. 4.10 Case study 2 — VSC, pump operating diagrams of flow and total efficiency. Qy=[800, 800,
800, 800] M3/, e 145
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Fig. 4.11 Case study 2 — Throttling, pump operating diagrams of flow and total efficiency. Qu=[800,
800, 800, 800] M3/N; ..ot 145
Fig. 4.12 Case study 2 — VSC, pump operating diagrams of flow and total efficiency. Qy=[800, 800,
800, 800] M/N; oottt 146
Fig. 4.13 Case study 2 — VSC, pump operating diagrams of flow and total efficiency. Qy=[800, 800,
800, 800] M/N; ottt 146
Fig. 4.14 Case study 2 — VSC, pump operating diagrams of flow and total efficiency. Qy=[800, 800,
800, 800] M2/N; oottt 147
Fig. 4.15 Case study 2 — VSC, pump operating diagrams of flow and total efficiency. Qn=[800, 800,
800, 800] M3/ oottt 147
Fig. 4.16 Case study 2 — VSC, pump operating diagrams of flow and total efficiency. Qn = [400, 400,
1200, 1200] M3/ oottt 148
Fig. 4.17 Case study 2 —VSC, pump operating diagrams of flow and total efficiency. Qu = [400, 400,
1200, 1200] M3/ oottt 148
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Appendix 1 — MVD Pump Save 2012

The software tool Medium-Voltage Drive Pump Save 2012 has been developed in order to provide
sophisticated comparison of operational and economical features (e.g. operational costs, payback
period or lifetime energy calculations) for various types of pump flow control methods. The tool
takes into account the whole application chain - from hydraulic system and pump over a drive to
power supply network — to provide a complex analysis of selected variants. As a standard variant, it
is considered variable speed flow control driven by electrical motor supplied from frequency con-
verter, which is being compared to other flow control techniques. In the latest version, it is imple-
mented variable speed control realized by fixed speed electrical motor and hydrodynamic coupling
and collection of passive flow control methods — throttling, bypass and on-off control. The important
feature of the software tool is the ability to approximate behavior under variable speed control using
just nominal performance curves or even nominal operating points for poorly specified cases. More-
over, a default case study is integrated in the tool to guide user over the case study evaluation pro-
cess. Below see the interesting numbers from the software development. More in-detailed descrip-
tion is available especially in [A33] and [A39 — A45].

e Number of scalar variables between the user interface and calculation core: 2 440
e Number of rows of code: 33 889
e Development history: 5 years

Nominal Flow: 626 mi/h i CcFC VFC
Op. Limits of Nominal Flow: (26 - 126, % Include Gearbox: ¥ &

Nominal Total Head: 2622 m i User Ratio: 3]
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[llustrative screenshots of MVD Pump Save 2012
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Appendix 2 — MVD Fan Save 2012

The software tool Medium-Voltage Drive Fan Save 2012 has been developed in order to provide
sophisticated comparison of operational and economical features (e.g. operational costs, payback
period or lifetime energy calculations) for various types of fan flow control methods. The tool takes
into account the whole application chain - from pneumatic system and fan over a drive to power
supply network — to provide a complex analysis of selected variants. As a standard variant, it is con-
sidered variable speed flow control driven by electrical motor supplied from frequency converter,
which is being compared to other flow control techniques. In the latest version, it is implemented
variable speed control realized by fixed speed electrical motor and hydrodynamic coupling and col-
lection of passive flow control methods — inlet guide vanes, inlet damper, outlet damper and on-off
control for radial fans and additionally pitch control for axial fans. The important feature of the soft-
ware tool is the ability to approximate behavior under variable speed control using just nominal per-
formance curves or even nominal operating points for poorly specified cases. Moreover, a default
case study is integrated in the tool to guide user over the case study evaluation process. Below see

the interesting numbers from the software development. More in-detailed description is available

especially in [A34] and [A38, A44 — A48].

e Number of scalar variables between the user interface and calculation core: 3 060

e Number of rows of code: 42 797
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