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PETIJUMU PAMATOJUMS, STRUKTURA UN
METODIKA

Notekiidenu aeracijas inZeniersisttma (NAIS) ir bitiska miasdienigas

biologiskas notekiidenu attiriSanas ietaises sastavdala, kas notekiidenu aeracijas
tvertné nodroSina attiroSo mikroorganismu metabolismam nepiecieSamo skabekli. Tas
galvena sastavdalas ir gaisa padeves iekarta ar gaisa kompresoriem, ar elektrodzingju
piedzinu un vadibas programmu, un notekiidenu aeracijas tvertne ar aeracijas

difuzoriem gaisa vienmérigai sadalei notekaidenos (1.att.).
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1.att. Notekuidenu aeracijas inzeneirsistema un to ietekmejosie faktori
Fig.1 Wastewater aeration engineering system structure and influencing forces

Ta ka notekiidenu aeracijas inZeniersisttma patéré butisku dalu (40-80%
atkariba no valsts geografiska stavokla un pielietotds noteklidenu attirisanas
tehnologijas) no kop&jas notekiidenu attiriSanas ietaises energijas bilances, tas
elektropiedzinas vadibas procesa izvele ir loti butiska, lai tiktu ieghts konkrétai
notekiidenu attiriSanas ietaisei optimals tehniski ekonomiskais risinajums.

Pieejamo informacijas avotu un zinatnisko pétijumu analize liecina, ka
lidzsingjie petijumi atsevisku notekiidenu aeracijas inzeniersistémas elementu joma ir
plasi, tomér tritkst vienota viedokla un izpratnes par aeracijas tvertnes dinamisko
raksturu, un to, ka dazadi vadibas principi un procesi ietekmé aeracijas kvalitati un
energoefektivitati.

Aecracijas tvertn€ notickoSais tiek analizéts galvenokart saistiba ar
biologiskajiem procesiem, bet tehnisko un tehnologisko risinajumu iespaida pétijumi
ir nepilnigi. Nav izpétita aeracijas tvertnes regul&josas iedarbes (gaisa skabekla
padeves intensitates) un perturbacijas (piesarnojuma) parvades funkciju inerces un
jutibas raditaju savstarpgja mijiedarbiba un to mainiga daba — aeracijas tvertnes
parvades funkcija parasti tiek aprakstita ar pirmas kartas diferncialvienadojumu ar
nemainigiem parametriem.

Aeracijas sistéemas
tehniska konstrukcija



P&tijumi par skabekla $kidibu Iidz §im ir veikti, apskatot dazadu faktoru
individualo iedarbi, tomér nav izveidota dazadu faktoru komplekso iedarbi aprakstoSa
skabekla skidibu notekiidenos aprakstosa analitiska sakariba.

Trukst vienota matematiska modela, kas apraksta nestacionaro skabekla
parneses procesu aeracijas tvertné, lidz ar to noteklidenu attiriSanas ietaiSu
projektétajiem un apsaimniekotdjiem ir ierobeZotas iesp€jas izveleties konkrétai vietai
optimalu (energoefektivu un kvalitativu) aeracijas inZeniersisteémas vadibas algoritmu,
kas ieverte aeracijas tvertnes dinamiku.

Tade] javeic aeracijas inZeniersisttmas un skabekla parneses pétijumi, un
matematiska un datorsimulacijas modela izveide, un iegiitas sakaribas jaizmanto
aeracijas kompresora vadibas principu parbaudei un optimalas izv€les pamatosanai.

PETIJUMU HIPOTEZES, MERKI UN UZDEVUMI

P&tfjumu veiksanai izvirzitas hipotézes:

1. notekiidenu aeracijas inZeniersistéma ir nestacionara tehnologiska sisteéma ar
mainigiem jutibas un inerces raditajiem, kuras darbibu apraksta nelinearu
diferencialvienadojumu sist€ma ar mainigiem parametriem;

2. notekiidenu aeracijas inzeniersisteémas optimalu (kvalitativu un energoefektivu)
darbibu var nodroSinat ar adaptivu vadibu, kas spg veikt nepartrauktu
regulgjosas iedarbes un slodzes mainigo parametru parrékinu un ievadi aeracijas
tvertnes parvades funkciju sisteéma.

Zinatniska darba meérkis ir teortiski un eksperimentali pamatot notekidenu
aeracijas inZeniersisttmas ka nestacionaras sist€émas jutibas un inerces raditaju
mainigo dabu, un piedavat inovativu notekidenu aeracijas tehnologisko iekartu
elektropiedzinas automatiskas vadibas principu, kas nodro$ina to optimalu (kvalitativu
un energoefektivu) darbibu.

Darba mérka sasniegSanai izvirziti un risinati $adi uzdevumi:

1. Veikt pétijumus par notekiidenu attiriSanas ietai$u energijas patérina tendencem,
likumsakaribam un ietekmg&josiem faktoriem.

2. Veikt petijumus par notekiidenu aeracijas inzeniersisteémas sastavdalu ietekmi uz
energijas pat€rinu un notekiidenu attirisanas kvalitati.

3. Veikt petijumus par skabekla parnesi un paterinu notekiidenu attiriSanas ietaises,
izpetot skabekla skidibas fideni procesu ietekm&josSos faktorus un to iedarbibas
analttiskas likumsakaribas, un izveidot kompleksu skabekla parneses
matematisko modeli.

4. Veikt petijumus par aeracijas tvertnes dinamiku, noskaidrojot tas nestacionaritati
nosakos$o nelinedro jutibas un inerces parametru analitiskas likumsakaribas.

5. Izveidot aeracijas tvertnes virtualo modeli, un noskaidrot dazadu faktoru
komplekso ietekmi uz notektidenu attiriSanas kvalitati un energoefektivitati.

6. Veikt eksperimentalos pétjjumus Preilu notekiidenu attiriSanas ietais€s, un
noskaidrot izSkidusa skabekla koncentracijas izmainu likumsakaribas aeracijas
tvertne.

7. Veikt aeracijas tvertnes virtuala modela atbilstibas novertéSanu, salidzinot
eksperimentalo p&tjjumu un simulacijas datus.



8. Veikt notekiidenu aeracijas inZeniersistému vadibas principu efektivitates un to
optimizacijas iesp&ju izpé&ti, izmantojot aeracijas tvertnes virtualo modeli.

9. Izveidot uzlabotu notekiidenu aeracijas inzeniersisteémas automatiskas vadibas
principu, kas ieverté aeracijas tvertnes nestacionaro dabu, adaptivi koriggjot
vadibas ierices darbibu, tadgjadi nodroSinot konkrEtai attiriSanas sisteémai
optimalus elektropiedzinas energétiskos un ekonomiskos parametrus.
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1.NOTEKUDENU ATTIRISANAS IETAISU
ENERGOPATERINU IETEKMEJOSO FAKTORU
TEORETISKIE PETIJUMI

Aeracijas nozimi nosaka musdienu notekiidenu attiriSans ietaisés izmantotais
biologiskas attiriSanas process, kura analize rada, ka gan oglekla savienojumu, gan
slapekla un fosfora savienojumu degradacijai nepiecieSams skabeklis. Izskidusa
skabekla piegade atbilstosa apjoma nodroSina gan notekidenus attiroSo
mikroorganismu metabolismu, gan arT kimiska piesarnojuma degradaciju.

Lai baitu iespgjams noverte notekiidenu attiriSanas ietaisu darbibu ietekméjosos
faktorus, tika izpé&tita situacija Latvijas NAI energijas patérina tendenc@s, ka ari
skabekla parnesi ietekmgjosSie faktori — skabekla Skidiba notekiidenos, un aeracijas
tvertnes dinamiskie parametri, veicot to analitiskos p&tijumus un model&sanu.

- =V

1.1.Latvijas notekiidenu attiriSanas ietaiSu darbibas un
energopaterina datu analize

Lai noskaidrotu vadibas kvalitates un argjas vides faktoru ietekmei uz
notekiidenu attiriSanas ietaiSu energopaterinu, tika veikta gan modernizéto, gan
nemoderniz&to Latvijas NAI energopatérina datu apstrade un analize. Tika analiz&ts
piecu Latvijas NAI vidgjais Tpatngjais elektroenergijas patérin$ notekiidenu attiriSanai
(kWh'm™®) gan pa gadiem, gan pa ménesiem (kopsumma 19 datu masivi).

Dispersijas analize uzradija to, ka ar 99.9% varbutibu var apgalvot, ka
Tpatngjais energijas patérin$ dazadu pilsétu NAI batiski atSkiras pa gadiem.

Lai noskaidrotu modernizacijas ietekmi uz energoefektivitati, tika veikts t-tests,
sagrup&jot NAI péc modernizacijas pakapes (Jelgava no 2007.gada, Bauska, Liepaja,
Aizput€ no 2002.gada un Gulbené darbojas automatiskas vadibas sisteémas (Ipatngja
elektroenergijas patérina vidéja vértiba M=0.50 kWh-m™, standartnovirze SD=0.075
kWh'm™), bet Preilos 2005.-2009.gg., Jelgava 2004.-2006.gg. — NAIS ar manuilo
programvadibu (ipatngja elektroenergijas patérina vidéja vértiba M=0.78 kWh'm™,
standartnovirze SD=0.123 kWh-m™).

Ta ka t=5.71>t,,;47=2.201 (p=0.0001), var secinat, ka atSkiriba starp abu grupu
Tpatngjiem energijas patériniem ir statistiski nozimiga, un ka rekonstruéto NAI
energijas patérins$ ir butiski mazaks neka nerekonstruétajas NAI.

Lielakie elektroenergijas paterétaji NAI ir notekiidenu aeracijas kompresori,
kuru automatiskas vadibas pilnveidoSana dod bitisku skabekla koncentracijas Co;
regulé$anas kvalitates un procesa energoefektivitates raditaju uzlabojumu.

Lai noskaidrotu NAI darbibas efektivitati laika griezuma, tika veikts
padzilinats rekonstrugtas Gulbenes NAI energoefektivitates datu statistiskais p&tjjums.
Dispersijas analize uzradija to, ka ar 99.9% varbiitibu var apgalvot, ka patngjais
energijas patérin§ Gulbenes NAI ir atkarigs no gada méneSa, un tam ir izteikta
sezonalitate.

Datu spektrala (Furjé) analize uzradija sezonalitati 4 un 6 ménesu cikla
(gadalaiki), ka arT 12 méneSu (gada) cikla, apstiprinot Tpatngja energijas paterina
sezonalo raksturu modernizetas NAI (2.att.).
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2.att. Furjé analizes rezultati Gulbenes NAI ipatnéja energijas patérina datiem
Fig.2 Results of Fourier analysis for Gulbene WWTS specific
energy consumption

Lai noskaidrotu nokri$nu un vid&jo meénesa temperatiiru ietekmi uz notekiidenu
apjomu un Ipatn€jo energijas patérinu to attiriSanai, tika veikta Gulbenes NAI datu
koreldciju analize. Cie$a negativa korelacija (R°= —0.800) konstatéta starp ipatngjo
energijas patérinu un notekiidenu apjomu, radot, ka nokrini atSkaida notektidenus, ta
nodro§inot mazaku energijas pat€rina nepiecieSamibu. Toties ara gaisa temperatiira
nekorel€ ar notekiidenu apjoma izmainam (R’=-0.051). Taja pasa laika starp ménesa
vidgjo temperatiiru un Ipatngjo energijas patérigu ir vidgja negativa korelacija (R*= —
0.316), kas apstiprina pienémumu, ka temperatiiras izmainam ir butiska ietekme uz
energijas paterinu.

1.2.Skabekla $kidibas teorétiskie pétijumi

Skabekla skiSana tideni ir fizikals process, kuru ietekmé dazadi faktori. Lai
bilitu iesp&jams novertét aeracijas tvertnes dinamiku, izveidojot tas matematisko
modeli, bija nepiecieSama skabekla $kidibas analitiska izteiksme, kas ieverté galvenos
So procesu ietekmgjosos faktorus — skabekla koncentraciju gaisa, Gidens temperatiiras
un salainibas ietekmi, ka arT atmosferas spiediena ietekmi.

1.2.1.Skabekla koncentracijas gaisa ietekme uz skabekla $kidibu

Petijumi par skabekla koncentraciju gaisa apliecina, ka tai ir sezonals raksturs.
Skabekla koncentracija svarstas robezas no 20.84% lidz 20.97 %, minimalas vertibas
sasniedzot ziemas ménesos (BIO2 International, s.a.; Keeling, McEvoy, & Manning,
1998;Moiseeva, 1995).

Ka iemeslus Sai sezonalitatei var mingét augu fotosint€zes procesa izmainas
ziemas—vasaras sezona, skabekla $kidibas pieaugumu ziemas perioda, ka ari cilvéku
industrialas darbibas izmainas (skabekla izmantoSana kurinama sadedzinasanai rudens
— ziemas perioda, U.C.). P&tTjumi apstiprina arT piepémumu par to, ka cilvéku intensivi
apdzivota vide, skabekla koncentracija gaisa ir ievérojami mazaka, neka neurbanizeta
vid€ — meZos, u.c.



Ta ka skabekla koncentracijas izmainas ir véra nemamas, skabekla Skidibas
analitiskaja izteiksm@ ir nepiecieSams ievertet ar1 So parametru, lai izveidotu
notekiidenu aeracijas augstas kvalitates vadibas sist€mu.
1.2.2.Udens temperatiiras ietekme uz skabekla skidibu

Eksperimentalie petijumi rada, ka atvertas tilpnes Gident ar temperatiiru 21°C
(vasaras reZims), parastos apstaklos ir izskidusi 13 g-m‘3 slapekla Ny, 9 g-m‘3 skabekla
0O,, un 35 g-m‘3 oglekla dioksida CO,. (Meck, s.a.; Mack, s.a.). Mainoties tidens
temperatirai, mainas visu gazu, ar1 Gdent iz§8kidusa skabekla, piesatinajuma Itmenis
(Colby, s.a.; Colt, 1984). Lidz ar temperatiiras pieaugumu samazinas gaisa sastava
eso$o gazu $kidiba tident (Colt, 1984; FAO, 1998)).

Maksimali iespgjamo skabekla koncentraciju tdeni parasti nosaka péc
sagatavotam tabulam, kas ieglitas galvenokart no eksperimetaliem datiem (Colt; 1984;
YSI, s.a.). Analttisko formulu ir ievérojami mazak (Truesdale, Downing, 1954; Weiss,
1970; Garcia, Gordon, 1992; Tromans, 2000; Sniders, 2003).

Veicot Tidens temperatiiras ietekmes uz skabekla piesatinajuma Itmeni datu
(Colt, 1984) regresijas analizi, tika atrasta sekojo3a sakariba:

C, (©)=14.208-exp(~0.0219-6). )

St eksponenciala izteiksme daudz atbilstosak apraksta procesa fizikdlo jégu
(R?= 0.997), taja pasa laika lauj veikt vienkarSakas matematiskas operacijas kopgja
skabekla Skidibas izteiksmes izveidei, ta radot iesp&ju izveidot pilnigaku skabekla
Skidibas daudzfaktoru modeli.
1.2.3.Notekiidenu salainibas ietekme uz skabekla Skidibu

Notekiideni ir dazadu salu $kidums tdeni kopa ar suspendétam neskistoSam
dalipgm wun dziviem organismiem. Pe&tjjumi rada, ka maksimalo skabekla
piesatindgjuma Iimeni notektidenos nosaka arf tajos iz8kiduSo salu daudzums un veids —
pieaugot salainibai, samazinas skabekla piesatinajuma ltmenis (Colt, 1984).Tapec
vienkarSotos aprékinos pienem Ipasu bezdimnesiju koeficientu, kuram biitu jaieverte
visu argjo faktoru iedarbibu un japarada notekiidenu fizikalo 1pasibu atSkiribu no tira
idens (YSI, s.a.). Tomér sada pieeja nelauj novertét izmainas, kas notiek notekidenos
dazadu salu sastava un koncentracijas d¢l, ka ar1 neieverte konkrétas NAI specifiku.

levertéjot notekiidenu salainibu, guta modificéta skabekla $kidibu apraksto3a
sakariba (péc Mack, s.a.; Han, 2002) izmanto$anai matematiskaja modeli:

-1
n
C,=C, -exp(z Kicij , )
i=1
kur C, — skabek]a koncentracija tira tideni, g'm ™,

i — jona kartas skaitlis,

K; — semiempiriska i—ta jona konstante,

Ci — i—td jona molaritate Gdens skiduma,

C - skabekla koncentracija fident, kura izskidinati i joni, gm™.



1.2.4. Atmosfeéras spiediena un temperatiiras kompleksa
iedarbe uz skabekla Skidibu.

Petijumi (Colt, 1984) rada, ka atmosféras gaisa spiediens ietekme skabekla
skidibu — Iidz ar spiediena samazinajumu samazinas skabekla §kidibas piesatinajuma
Itmenis.

Atmosfeéras gaisa spiediena ietekmi uz skabekla $kidibu nosaka modificéta
Henri izteiksme:

C,=p,ki=p,-AN, @, (3)
kur C, — gazes $kidiba, gm™>;
kX — Henri konstante skabeklim, (g/m®)-Pa™";
P, — skabekla parcialais spiediens, Pa;
Na— Avogadro skaitlis, mol™;
A — skabekla bltvumu ievertgjoss koeficients;
o — Bunzena koeficients skabeklim, m*-mol™.
Bunzena koeficientu skabeklim aprakstosais vienadojums tika atrasts, veicot
literatlira pieejamo datu (Weiss, 1970) nelinearas regresijas analizi:
a=4.91-exp(-0.0219-0). 4)
Gazes spiediena ietekmi uz tas Skidibu nosaka modific€ta Henri likuma
izteiksme (Broecker, Peng, 1982; Sawyer, McCarty, 1978):

G plil =C,- pzil’ ®)
kur C,un C, — gazes $kidibas, g-m‘g;
P, un p, — gazes spiedieni, Pa.

Apvienojot atmosferas spiediena un temperatiiras iedarbes izteiksmes, tika
iegita to komplekso iedarbi apraksto3a izteiksme:

C =p,-A-N,-a"-491-exp(-0.0219-@). (6)

1.2.5.Notekiidenu blivuma ietekme

Aeracijas tvertn€ gaisa padevei ir jabiit ar paaugstinatu spiedienu, ja aeracija
notiek no tvertnes apaksas. Lai aeracijas sisteémas gaisa kompresors varétu parvarét
fidens pretspiedienu aeracijas tvertn€, tam jaattista spiediens, kas papildus atmosfeéras
spiedienam nedaudz parsniedz tidens spiedienu dziluma h. Udens blivuma izmaina
ietekm@& aeracijas kompresoram attistama spiediena lielumu. Viena no fizikalajam
ipasibam, ar kuram tUdens atSkiras no citiem Skidrumiem, ir ta blivuma nelinearas
izmainas temperatiiras iespaida. So ietekmi neapskata neviens no piejamajiem
skabek]a skidibas modeliem.

Sakariba, kas apraksta aeracijas kompresora attistama spiediena atkaribu no
aeratoru iegremdesanas dziluma un tUdens temperatiiras, un ieverte fidens blivuma
nelinearitati, ir sekojosa:

p,=p-0-h= (—0.006-@2 +0.0365-©+999.91)-g-h, @)
kur P, — tidens staba spiediens, Pa;

p— udens blivums, kg-m‘3;



h— tdens staba augstums (aeracijas difuzoru iegremdésanas dzilums), m;
g — gravitacijas konstante, 9.81 ms ™.

1.3.Skabekla Skidibas matematiskais modelis

Modela izveidei tika izmantota dazadu faktoru ietekmi ievért€josa sakariba,
kas ieverte gaisa spiediena un fidens temperatiiras ietekmi uz skabekla skidibu tident —
autora izveidots skabekla skidibas matematiskais modelis:

0.6681,,-( p, +(~0.006-©7 +0.0365-0+999.91)- g -h-10°

®)
exp( K¢, +0.0219-0)

Cs =C(r02, pa’G)'K’Ci!h):

kur o, = skabekla proporcija gaisa;,

pa — atmosferas spiediens.

Si izteiksme apraksta dazadu faktoru kompleksu iedarbi uz skabekla §kidibu
notektidenos. Ta ietver gan notekiidenu temperatiiras, gan atmosferas spiediena, gan
skabekla koncentracijas gaisa, gan aeratoru iegremdéSanas dziluma, gan notektidenos
iz8kiduso salu koncentracijas un jonu sastava ietekmi uz skabekla skidibu
notektidenos.

Skabekla $kidibas izmantoSanai aeracijas tvertnes dinamikas petfjumos tika
izveidots izteksmi (8) aprakstoSs modelis Matlab programmas Simulink
apaks$programma (3.att.).

T > f(u)
- X B
Temperature M
9.81 R
Pressure -
g water depthPUmmar
o pressure
Submerging
depth h
pa
_’
air pressure x
0 Constant 2 Exm |§|
Scope
Oxygen
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0.668 solubility
Constant 1 salinity
E . Subsystem
% = salinity

= < 2 2 = 2 2
c K+ cO d ic Mg2+ cS cN 3

c NO3 c PO4 30 c NH4 c Cl- c Na+

3.att. Skabekla Skidibas virtualais modelis
Fig.3 Oxygen solubility virtual model



1.4.Skabekla parneses statiskais modelis

Izmantojot p&tijumu rezultatus par skabekla parneses efektivitati notekidenu

aeracijas procesa (Sniders, 2003), ieglita precizta izteiksme gaisa puteju
nepiecieSama raZiguma Ly aprékinaSanai:

kur

— Q- ( La B Lt ) — q (9)
Pk ky ks Ky (Cs—C) Ky ok, kg -k, +(Cs—C)
Q - notekiidenu piepliades daudzums, m>h™;
L, — skabekla patérins (BSP+KSP) notekiidenu pilnigai attirianai, g:m™;
L, — paliekogais (BSP+KSP), gm™>;
7, — gaisa skabekla izmantoSanas koeficients;

k; — korekcijas koeficients péc gaisa difuzoru iegremdésanas dziluma h;

k, — korekcijas koeficients p&c notekiidenu temperatiras ©, kas ieverté
notekiidenus attiroSo mikroorganismu aktivitati;

ks — korekcijas koeficients p&c difuzoru blivuma o, un gaisa padeves caur
vienu difuzoru 4, m*>h™;

ks — korekcijas koeficients, kas ieveérte aktivo danu sastavu, konkréta
pétijuma, uzskatot, ka aktivo dunu aktivitate ir optimala, k,=1;

Cs— skabek]a $kidiba, gm™>;

C —skabekla koncentracija notekiidenos, grm™.

Lai parbauditu mainigo parametru ietekmi uz skabekla koncentraciju C, tika

veikta datorsimulacija, izmantojot iegiito statiska matematiska modela izteiksmi (9) un
Preilu NAI datus.

Modelésanas rezultatu (4.att.) analize liecina par to, ka iz8kidusa skabekla

koncentracija C notekidenos nelineari pieaug, ja pieaug gaisa padeve Lg, un nelineari
samazinas, ja pieaug slodze Q.

13 \

\
\

g o N 0 ©

500 700 900 1100
Lg’ m3-h!
4.att. Skabekla koncentracijas C atkariba no
aeracijas intensitates Ly, pie dazadas slodzes q

1- =100 g'min™*; 2— q=150 g'min1; 3— g=200 g'min~*

Fig.4 Oxygen concentration C dependence on aeration
intensity, Ly, under different loads g

1- =100 g'min*; 2— q=150 g'min"1; 3— g=200 g'min~*



Sakariba C=f(L,) ir nelinedra, un var tikt lineariz&ta tikai Sauros apgabalos. Lidz
ar to nepiecieSams nepartraukts parvades koeficientu parrékins, lai nodrosinatu modela
atbilstibu realiem procesiem aeracijas tvertné.

1.5.Skabekla parneses procesa nestacionarais matematiskais
modelis

Skabekla parneses nestacionaro dinamisko procesu aeracijas tilpné apraksta,
pienemot, ka gaisa sadale pa visu aeracijas laukumu ir vienmériga un izskidusa
skabekla koncentracija aeracijas tilpuma ir izlidzinata. Tad iegtst skabekla parneses
bilances visparigo vienadojumu aeracijas tvertné (Sniders, Skrastins, 1995; Sniders
1997):

Tadj—tcwczKa AL, (10)
kur T, —aeracijas tilpnes laika konstante, min;
K, — aeracijas tilpnes statiskais parvades konstante, (g-m™)-(m*h™)?;
AC - skabekla koncentracijas izmaina, g'm™;
ALy - kompresora raziguma izmaina, m*-min™",

Aeracijas tilpnes laika konstanti T,, kas raksturo parejas procesa inerci, var
aprekinat, izmantojot sekojosu izteiksmi:

K k\liak k' -
g KKyt
kur V, — aeracijas tvertnes tilpums, m.

Aeracijas tilpnes parvades koeficientu K, kas raksturo tas jutibu pret

regulgjoSo iedarbi Ly, var aprékinat, izmantojot sekojoSu izteiksmi:
c _G q

Ky=/—=2ooyo (12)
Ly Ly Lo okikyoksok,
Aeracijas tvertnes slodzes bilances vienadojumu apraksta sekojoSa izteiksme:
dAC
TqT‘l‘AC:Kq Aq y (13)
kur Ty — piesarnojuma parejas procesa laika konstante, min;

Kq — slodzes (piesarnojuma) parvades koeficients, (g~m‘3)-(g-h_1)_1;
AC —skabekla koncentracijas izmaina, g'm™;
Ag — piesarnojuma izmaipa, g-min .
Piesarnojuma parejas procesa laika konstanti T, kas raksturo piesarnojuma ¢
parejas procesa inerci, var aprekinat, izmantojot sekojosu izteiksmi:

o NHWC (14)
! q~k1~k2~k3-k4
Aeracijas tilpnes slodzes statisko parvades koeficientu Ky, kas raksturo tas jutibu
pret slodzi q, var aprékinat, izmantojot sekojosu izteiksmi:
AC 1

e - (15)
TTAG Lok kg kK,



Inerces faktoru un jutibas faktoru model€Sana un to analitiskie p€tfjumi rada,
ka §ie faktori ir nelineari. Taja paSa laika strauju slodzes perturbaciju gadijuma
aeracijas tvertnes dinamiskie parametri var loti butiski atSkirties no lienearizétaja
modeli pienemtajiem lielumiem.

Tadgjadi iegiits apstiprinagjums hipotézei, ka aeracijas tvertne ir nelinears
nestacionars objects ar mainigu jutibu un inerci.

Ta ka procesa reguléSanas laika gan T, gan K, , gan Ty un Ky skaitliskas
vertibas mainas, ir nekorekti tos saukt par konstantém. Tiek ierosinats turpmak saukt
T, par aeracijas tvertnes inerces faktoru jeb raditaju, un K, par aeracijas tvertnes
jutibas faktoru jeb raditaju. Lidzigi tiek ierosinats turpmak saukt T, par slodzes inerces
faktoru jeb raditaju, un K, par slodzes jutibas faktoru jeb raditaju.

Aeracijas tvertnes dinamiskos parejas procesus pa regulgjosas iedarbes Ly un
perturbacijas iedarbes ¢ ietekmes kanalu apraksta pirmas kartas nelinearu un
nestacionaru diferencialvienadojumu sist€éma, kura ieverte gan tas statiskas, gan
dinamiskas 1pasibas:

Ta(Lg)p';LtC+AC=Ka(|_g,q)-|_g
~dAC

T, () T+Ac:Kq(Lg).Aq

(16)

Izmantojot Laplasa transformacijas panémienu, tiek ieglita aeracijas tvertnes
parvades funkcija:

Wa(S) — CST (S) _ Ka(Lg’q)

L) T,(L)s+1, (17)

w200 __Ki(b)
TTUAG) T (Lg)~s+1

q

kur s — Laplasa arguments, s

Ievertejot regul&josas iedarbes un perturbacijas jutibas un inerces raditaju
mainigo dabu, So parvades funkciju var izmantot aeracijas tvertnes virtuala modela
izveidei un vadibas principa parbaudei.

Modelesanai tika izmantots Matlab Simulink vidé izveidots modelis (5.att.).
Blokshéma redzamie kreisaja pus€ novietotie bloki nodrosina NAI parametru un
perturbaciju ievadi modeli — tajos ir gan nemainigie aeracijas tvertnes konstruktivie un
tehnologiskie parametri, gan argjas vides parametri — perturbacijas, kas ietekme
skabekla $kidibu.

Bloks ,,Calculation subsystem” (6.att.) nodroSina aeracijas tvertnes
matematiska modela simulaciju, bet bloki ,Transfer functionl” un ,Transfer
function2” — aeracijas tvertnes parvades funkcijas aprékinu simulacijas procesa
nepartraukta reZima.
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5.att. Aeracijas tvertnes statisko un dinamisko koeficientu aprékina blokshema
Fig.5 Block diagram of aerotank static and dinamic coefficients calculation

Modela biitiska iezime ir ta, ka tas ir universals — ar to var modelEt gan
statiskos, gan dinamiskos koeficientus. Statiskos parvades koeficientus iegtist, modeli
ievadot inerces raditaju Ty un T, vértibas T=T,=0.
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6.att. Aeracijas tvertnes simulacijas modelis — subsistéma

LI

,»Calcultion subsystem ” inerces un jutibas koeficientu aprekinasanai
Fig.6 Aerotank simulation model — subsystem ,,Calculation subsystem”
for inertia and sensitivity coefficients calculation



Automatiskas vadibas modeléSana pasreiz lietojamie parvades funkcijas
realizacijas pan€mieni neatlauj tie§a veida mainit inerces un jutibas raditaju skaitliskas
vertibas, jo tiek uzskatits, ka tie ir nemainigi lielumi. Ta ka tika konstat&ta So raditaju
atkariba no regulgjosas iedarbes un perturbacijam, analitisko p&tljumu rezultata tika
izveidots inovativs parvades funkcijas ar mainigiem koeficientiem simulacijas bloks.
Regul&josas iedarbes parvades funkcijas W,(S) realizacijas piemérs paradits 7.attéla.

Do—>in 1 Divide Integrator
qinput —{in2 N .
Ka calculation | . > >
r Cout
> »Inl Ta
Lg input

Ta calculation

7.att. Parvades funkcija W,(S) ar nestacionariem inerces un jutibas faktoriem
Fig.7 Transfer function W,(s) with unstationary inertia and sensitivity ratios
Pa informacijas ievades kanaliem ,,q input” un ,,.Lg input” parvades funkcija
tiek ievaditas piesarnojuma un aeracijas kompresora momentana raziguma vértibas,
blokos ,,Ka calculation” un ,,Ta calculation” notiek jutibas un inerces faktoru aprékins,
un talak tiek realiz€ta parvades funkcija, izeja iegiistot skabekla koncentracijas
aeracijas tvertné C vertibu. Lidzigi tiek realizeta arT parvades funkcija sodzes kanalam
Wq(s).

1.6.Skabekla parneses modelu salidzinoSie pétijjumi

Skabekla parneses procesa dinamiska un statiska modela salidzinosais p&tjjums
ir nepiecieSams, lai noskaidrotu, ka viena vai otra modela izvéle automatiskas
regul€Sanas sistema ietekmé regulésanas kvalitati un vadibas ierices parametrus.

Salidzinosa pétijuma veikSanai tika izveidots simulacijas modelis, kura lidzas
nestacionarajam dinamiskajam modelim ar mainigiem inerces un jutibas faktoriem
tika izveidots modelis ar statiskiem inerces un jutibas faktoriem — stacionarais
modelis. Modeli ar statiskiem jutibas un inerces faktoriem tika ievietotas inerces un
jutibas faktoru K,, Kg, T, un Tq skaitliskas vertibas, kuras izveidojas dinamiskaja
modeli, kad tas ir nostabilizgjies (C=const).

Konkrétaja modeli tika izmantoti Preilu NAI tehniskie un tehnologiskie
parametri un sekojosi darbibas rezimi:

e iestatita iz§kiduia skabekla koncentracija C=2 g'm™,
e modelim ar statiskiem koeficientiem tiek iestatitas sekojoSas to skaitliskas

veértibas:

0 Kg=02153(gm>)(m>*h?)™;
o0 T,=49.91 min;

0 Kg=0.0491 (gm)(g-h™)Y
0o T4=3.183 min.
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e aeracijas kompresoru razigums laika posma no 0 lidz 350 miniit€m
(stabilizacija) L4=1120 m>h™ (asinhrona elektodzingja barosanas sprieguma
frekvence 50 Hz);

e parslégSanas rezims 350.minatg;

e aeracijas kompresoru raziba laika posma virs 350 minGiteém (p&c stabilizacijas)
L,=1008 m*h™ (90% no maksimalas razibas, ko nodrosina vadams frekvenéu
parveidotajs asinhrona elektrodzingja piedzipa ar frekvencu diapazonu
20..50 Hz).

Modelesanas rezultati (8.att.) rada, ka stacionaraja modeli skabekla
koncentracija ir samazinajusies proporcionali aeracijas kompresora razigumam. ST
parametra stabiliz&jusies vértiba ir C=1.8 g'm>(10% samazinajums pret sakuma
vertibu).

Turpretl nestacionaraja modeli skabekla koncentracijas stabilizacija notiek pie
ievérojami zemaka ltmena — C=0.42 g-m’3(79% samazinajums pret sakuma vertibu).

2 : : :

C, g-m'3

t, min.

0 1 1 Il 1 Il Il
0 100 200 300 400 500 600 700 800

8.att. Salidzinosa pétijuma rezultati, aeracijas kompresora raziguma
samazinajums 4L,= -10% modeleSanas 350.min.
1-nestacionars modelis; 2— stacionars modelis ar statiskiem jutibas un inerces raditajiem
Fig.8 Results of comparision, decrease of air blower by
ALg=-10% at simulation time t= 350.min.
1-unstationary model; 2— stationary model with static sensitivity and inertia ratios
Modelesanas rezultati apstiprina piep@émumu, ka statiskais skabekla parneses
process biitiski atSkiras no readlajiem aeracijas tvertn€ notiekoSajie dinamiskajiem
nestacionarajiem procesiem, un ir nepiecieSama dinamiski mainigu jutibas un inerces
faktoru ieviesana vadibas procesa nodrosinasanas matematiskaja procesa, kas savukart
pieprasa ar1 butiskas izmainas aeracijas kompresoru vadibas procesa.

2.NOTEKUDENU APSKABEKLOSANAS
EKSPERIMENTALIE PETIJUMI

Eksperimentalie pétijumi tika veikti Preilu NAI. Galvenais eksperimentalo
pétijumu uzdevums bija noskaidrot aeracijas tvertnes dinamisko reakciju uz

19



perturbacijam, un parbaudit analitiska nestacionara modela atbilstibu realiem
procesiem notekaidenu aeracijas tvertné.

Tika veikti divi mé&Tumu cikli ar viena gada nobidi, mérot skabekla
koncdentraciju aeracijas tvertnes izplade.

Merisanai tika izmantots firmas ,.Lutron” digitalais skabekla méritajs DO-
5510. Pirms eksperimentala p&tijjuma uzsaksanas tika veikta §1 méraparata dinamisko
Ipasibu noteikSana, un konstatéts, ka ta reakcijas inerce ir vairak ka par kartu mazaka
salidzinajuma ar mérama parametra reakcijas inerci, tapéc pielaujama ta izmantosana.

Merfjumos iegiito datu apstrades rezultata tika iegtitas skabekla koncentracijas
izmainas apraksto$as izteiksmes pie ieslégta un izslégta aeracijas kompresora
(1.tabula).

To inerces raditaju vertibas atskiras, bet attieciba starp ieslégto un izslégto
stavokli saglabdja tendenci, kas nav raksturiga pirmas kartas aperiodiskam posmam, jo
laika konstante aeracijas kompresora ieslégta stavokli abos mérijumos bija ievérojami
(2.01-2.76 reizes) lielaka, neka aeracijas kompresora izslégta stavokli, ta apstiprinot
aeracija stvertnes ka nestacionara dinamiska objekta Tpasibas.

1.tabula.
Preilu NAI skabekla koncentracijas izmainas aprakstosas izteiksmes
Equations describing oxygen concentration changes in Preili WWTS

Aerdcijas kompresora darba rezims
(Operation principle of air blower)

Aeracijas kompresors ieslégts Aeracijas kompresors
izslegts
(Air blower switched on) (Air blower switched off)

l.mérfjumu cikls t t
(First measurement | C, =11.74~[1—exp(—ﬁn Co :11.86-exp(——j
cycle, 2006.g9.) ' 24.5

2.mérfjumu cikls t 1066 t
(Second C,=8.66- (1— exp(——]) o =10. -exp(——j
measurement cycle, 39.5 19.64
2007.9.)

3.EKSPERIMENTALO UN TEORETISKO MODELU
SALIDZINASANA

Tika veikta modeléSana, un aprékinata dinamiska matematiska modela un
eksperimentalo datu Iiknes sakritiba, izmantojot videjas kvadratiskas klidas metodi.
Modelésanas laika tika atrasts tads notekiidenu piesarnojuma limenis, pie kura sakrit
dinamisk:‘; matematiska modela un eksperimentalo datu Iiknes piesatinajuma Itmenis —
8.66 gm™.
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Modelésanai tika izmantoti reali Preilu NAI dati — gan aeracijas kompresoru
razigums L4=1120 m>h™, gan aeracijas tvertnes konstruktivie un tehnologiskie
parametri (A=1m*min, 6=0.063, h=4 m), gan ar&jas vides apstakli, kas bija raksturigi
eksperimenta dienai (@=+10°C, p;=101.325 kPa, I, =0.2097).

Piesarnojuma Itmenis, pie kura sakrita abu modelu piesatinajuma Iimeni, bija
g= 189.8 g'min, kas atbilst Preilu NAI BSP un KSP limenim. Modeleianas beigas
stabilizetas jutibas un inerces raditaju vertibas ir sekojoSas: aeracijas tvertnes jutibas
raditajs K,=0.4645 (gm®)-(m>h™)™, inerces raditajs T,=37.33 min., slodzes jutibas
raditajs K;=0.0375 (gm°)-(g'h™) ™, slodzes inerces raditajs T,=31.83 min.

Vidgja kvadratiska kluda, kas tika iegiita, simulacijas laika nepartraukti
aprekinot abu datu masivu vidgjo kvadratisko vertibu un aprékinot to momentano
vértibu starpibu, neparsniedz 4Cyp=0.15 g'm™ (2.1% no laika t=60 min. momentanas
amplitidas C=7 g'm™), kas liecina par ciefu sakaribu starp abiem datu masiviem,
tadgjadi apliecinot izveidota matematiska modela atbilsttbu aeracijas tvertng
notiekoSiem skabekla parneses procesiem.

4. AERACIJAS KOMPRESORA VADIBAS
MODELESANA UN OPTIMIZACIJA

P&tfjumi pierada, ka NAIS ir nestacionara dinamiska sisteéma, kuru ietekmé
daudzi mainigi argjas vides un ieksgjie faktori. Tadel var izvirzit hipotézi, ka
optimalais NAIS vadibas princips kvalitativas un energoefektivas aeracijas
nodrosinasanai ir aeracijas kompresoru vadiba, izmantojot asinhrono elektrdzingju
piedzipu ar vadamiem frekvencu parveidotajiem, kura vadibu nodrosina
mikrokontrollers, kas ka atgriezeniskas saites signalu par aeracijas tvertng
notiekoSajiem procesiem lieto izSkiduSa skabekla koncentraciju un tas izmainas
dinamiku. Sis hipotézes parbaudei tika veikta aeracijas tvertnes kompresora
elektropiedzinas vadibas procesa modeléSana ar mérki atrast optimalu tehnisku un
ekonomisku vadibas principu.

Optimalu NAIS darbibu nosaka minimizétas izmaksas, lai nodroS§inatu
nepiecieSamo iestattto izSkidusa skabekla limeni attiritajos notektidenos, un minimals
novirzu Itmenis no iestatitas skabekla koncentracijas aeracijas tvertn€ pie dinamiski
mainigam slodzes perturbacijam.

Aeracijas tvertnes matematiskais modelis ar mainigiem parvades koeficientiem
un mainigiem inercialajiem raditajiem, kuri tiek parrékinati atbilstosi slodzes un gaisa
padeves izmainam, tika izmantots dazadu aeracijas komopresoru vadibas principu
salidzinasanai un vadibas kvalitates novérteSanai.

Simulacijas rezima mainigais lielums ir piesarnojuma ITmenis iepliisto$ajos
notekiidenos . Sakuma piesarpojums tika pienemts q=305 g~m‘3, un modelésanas
laika t=1440 min tika model&tas piesarnojuma svarstibas — gan 6 stundu izmainas
(piesarnojuma svarstibas dienas rezima dél — piesarnojuma pieaugums laika no 6:00
lidz 9:00, laika no 12:00 Iidz 14:00 un laikda no 18:00 Iidz 20:00 ar piesarpojuma
samazinajumu starplaikos), gan 24 stundu piesarnojuma atkartoSanas (darba dienas
rezZims), gan arl kvazinejauSas piesarnojuma svarstibas dienas gaita (atkartoSanas
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periods 30 min). Svarstibu (izmainu) amplitiida visiem svarstibu rezimiem ir 10% no
sakuma piesarnojuma.

Simulacija pielietotie vadibas principi:

e bez atgriezeniskas saites:
0 nepartraukta kompresoru darbiba;
0 divu kompresoru darbiba (viens kompresors nodroSina jaukS$anu un
aeracijas minimumu, otrais ieslédzas maksimuma periodos).
e ar atgriezenisko saiti (skabekla koncentracija aeracijas tvertnes izpladg):
0 divu kompresoru darbiba (viens kompresors nodro$ina jauk$anu un
aeracijas minimumu, otrais ieslédzas maksimuma periodos);
O aeracijas kompresoru piedzina, izmantojot vadamus frekvenéu
parveidotajus un PID vadibu;
O aeracijas kompresoru piedzina, izmantojot vadamus frekvencu
parveidotajus un PID/kvaziinvariances vadibu.

Salidzinasanas kritérijs — skabekla koncentracijas atbilstiba iestatitajam
C=2gm?

Lai parbauditu kombin&tas PID/kvaziinvariantas vadibas darbibas kvalitati, tika
izveidots kvaziinvariantces vadibas simulacijas bloks (9.att.), kura iceja tiek izmantots
gan skabekla koncentracijas signals, gan noteklidenu piepliides signals (simulacija
nemts no piesarnojuma izmainas bloka).

In2

Relay3

9.att. Kvaziinvariances vadibas signalu forméjosa modula blokshéma
Fig.9 Quasiinvariant signal simulation model

Kvazinvariances bloka notiek notekiidenu piepliides intensitates signala un
skabekla koncentracijas signala diferenciacija, laujot konstatét So signalu izmainas
atrumu. ,,Relay” bloki lauj iestatit nostrades Iimeni, pie kura izmainas izejas signals,
kur§ tiek padots uz summatoru, ka arT $1 izejas signala limeni. lestatot nostrades un
izejas signalu limenus, tika nemts veéra eksperimentos un iepriek$gjas simulacijas
iegiitd informacija par aeracijas tvertnes dinamiku.

Simulacijas bloksheéma ar kvaziinvariances bloku paradita 10.attela, un
simulacijas rezultati —11.att€la, inerces un jutibas raditaju izmainas — 12.attgla.
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10.att. NAI aeracijas kompresoru vadibas modelis, lietojot kombinéto
PID/kvaziinvariances vadibu
Fig.10 WWTS air blower control system model using
PID/quasiinvariant control
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11.att. Simulacijas rezultati, lietojot PID/kvaziinvariances vadibu
1 - skabekla koncentracija aeracijas tvertné C; 2 — aeracijas kompresora razigums L

Fig.11 Results of simulatin using PID/quasiinvariant control
1 — oxygen concentration C in aeration tank; 2 — air blower intensity L
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12.att. Inerces un jutibas raditaju izmainas, lietojot
PID/kvaziinvariances vadibu
1-K, (g-m’s)-(ms-h’l)’l; 2-Ta min, 3-K,, (g-m’s)-(g-h’l)’l, 4 —Tg, min.
Fig.12. Inertia and sensitivity ratios, using
PID/quasiinvariant control
1=Ky (gm®)-(m*h ™7 2 - T, min,, 3-Kq, (gm>)-(gh™)?, 4 - T,, min.

Simulacijas laika, mainoties slodzei ¢, mainas aeracijas kompresoru darbiba,
un vienlaicigi izmainas aeracijas tvertnes jutibas un inerces raditaji. Aeracijas tvertnes
jutibas  raditaja K, izmainas diapazons bija robezas no 0.3 Iidz
0.95 (g-m‘3)-(m3-h_1) ~, tvertnes inerces raditaja T, izmainas diapazons bija robeZas no
35 lidz 95 min, slodzes jutibas raditdgja Ky izmainas diapazons bija robeZas no
0.035 Iidz 0.095 (g-m‘s)-(ms-h_l) 7 un slodzes inerces raditaja Tq izmainas diapazons
bija robezas no 5 lidz 9 min.

Pielietojot PID/kvaziinvarianto vadibu, novirzu vidg&ja kvadratiska vertiba
skabekla koncentracijai ACrms=0.067g-m_3 — ievérojami zemaka neka visiem citiem
pielietotajiem automatiskas vadibas principiem.

Veikto simulaciju analize liecina par to, ka PID/kvaziinvariantas vadibas
princips vislabak spg&j vadit aeracijas kompresora darbu dinamiski mainiga
nestacionara vidé ar mainigiem jutibas un inerces raditajiem, nodroSinot augstu
reguléSanas kvalitati un mazu novirzi no iestatitds nepiecieSamas skabekla
koncentracijas aeracijas tvertné.
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Aeracijas  kompresoru vadibas principu salidzinaSanai p&c viena no
optimizacijas kritérijiem — izmaksam, tika izveidota inovativa operativo
elektroenergijas izmaksu aprékina izteiksme nepartrauktam procesam:

t
A=1,-a,+B+[P(t)-b(t)dt, (17)
t1
kur A — kopgjas elektroenergijas izmaksas laika perioda t,—t;, LVL;
IA — aeracijas kompresoru aizsardzibas ievadaizsardzibas aparatiiras nominala
strava, A;

aa — maksa par ievadaizsardzibas aparata stravas lielumu, LVL/A/gada;

B — maksa par pieslegumu, LVL/gada;

P(t) — aeracijas kompresoru momentana jauda, kW;

b(t) — samaksa par patéréto elektroenergiju konkréta laika, LVL-kW h™.

Izteiksme ieverte gan energijas piegadatdja noteiktos maksajumus (tarifu
planus T6, T& un T8 (Latvenergo, 2011)) par piesléguma izveidoSanu un aizsardzibu,
kas parasti ir vienreiz&jas izmaksas, gan arl tie$as operativas izmaksas, aeracijas
kompresoru elektrodzingjiem stradajot mainigas slodzes apstaklos. Kontrolgjot
elektrodzingju momentano elektrisko jaudu, un zinot konkrétam diennakts un ned€las
laika periodam noteiktos elektroenergijas tarifus, iesp&jams noteikt kop€jas izmaksas
konkr&tam laika periodam.

Izteiksmes izmantoSanai simulacijas procesa tika izveidots ekonomiskas
efektivitates aprékinu simulacijas bloks, kas ietver sevi dazadu tarifu (T6 — nemainigs
tarifs visu laiku, T7 — tarifs, kas ievérté dienas, nakts un brivdienu noslodzi, un T8 —
tarifs, kas ievérte dienas, nakts, brivdienu un maksimuma slodzes) ar atSkirigu
pielietosanu izvértgjumu industridlajiem patérétajiem. Sis bloks ir izmantojams kopa
ar dazadiem vadibas simulacijas blokiem, pieslédzot ta ieeju pie aeracijas kompresoru
raziguma izejas. Lidz ar to iesp&jams vienlaicigi modelét ne tikai tehnisko un
tehnologisko procesu, bet arT katra konkréta modela ekonomiskos raditajus.

Apvienojosie dati par tehniski ekonomiskdas modeléSanas rezultatiem
apkopoti 2.tabula.

Nemot véra izvirzitos optimizacijas kritérijus, un simulacijas rezultata iegiitos
ekonomiskos datus, var konstatét, ka vismazako iestatijuma klidu un mazakas
izmaksas piedava PID/kvaziinvariantas vadibas sist€ma.

Izvertejot simulacijas rezultatus un pielietojot dazadus ,,Latvenergo” piedavatos
tarifu planus industrialiem paterétajiem Preilu NAI aeracijas kompresoru vadibas
sistémai, var secinat, ka T7 tarifu plans nav izdevigs neviena no modeliem, jo
izmaksas visos modelos ir augstakas neka citos taifu planos. Tarifu planu T8 var
izmantot, ja aeracijas kompresoru vadibai tiek izmantots visvienkarSakais un
nekvalitativakais rezims, t.i., aeracijas kompresora nepartrauktas darbibas rezims. Taja
pasa laika, ievieSot PID/kvaziinvarianto vadibu, elektroenergijas izmaksas klast
lidzvertigas esoSajam izmaksam, toties aeracijas kvalitate butiski uzlabojas, tapéc sads
NAIS automatiskas vadibas princips kopa ar standarta tarifu planu T6 ir optimals
piedavajums Preilu NAI kvalitativai un ekonomiskai vadibai.
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2.tabula
Tehniski ekonomiskas modeléSanas rezultati
Results of technical and economical simulation

Gada energijas izmaksas, Regulésanas
LVL, lietojot: kvalitate,
(Annual energy expenses, LVL, (Quality of
using:) control)
tarifu tarifu tarifu *Crms:
(tarriff) (tarrif)  (tarriff) **ACrps,
T6 T7 T8 gm”
Nepartraukti ieslégts aeracijas 16018 16452 15976 *6.76
kompresors (Air blower nonstop
operation)
Divu kompresoru seciga darbiba (Two 15014 15497 15060 *5.384
air blowers sequential operation)
Divpoziciju programvadiba (Two-posit 12611 13038 12644 *3.055
automatic control)
PID regulators — standartkoeficienti 11917 12332 11963 **0.101
(PID controller with standard
coefficients)
PID regulators — piemekl&ti koeficienti 11857 12269 11903 **0.071
(PID controller with adjusted
coefficients
PID/kvaziinvarianta vadiba 11755 12207 11851 **0.069
(P1D/quasiinvarinat control)
SECINAJUMI

Latvijas noteklidenu attiriSanas ietaiSu operativo datu analizes rezultata
konstat&ta butiska tehnologisko procesu modernizacijas ietekme uz notekiidenu
attiriSanas ietaiSu energoefektivitati — moderniz€tam notekiidenu attiriSanas
ietaisém Tpatngjais energijas patérind ir par 38.9% zemidks (M=0.50 kWh-m?,
SD=0.075 kWh'm™®).

Analitiskie pétfjumi pierada, ka notektidenu piepludei un energijas patérinam to
apstradei Latvijas notekiidenu attiriSanas ietais€s ir izteikts sezonals raksturs, ko
ietekm& gan vides temperatiira, gan nokriSnu daudzums, gan ari cilvéku
aktivitates cikliskums (diennaktt (6..8 stundas), ned€la (darbadienu/brivdienu

cikls), gada (4, 6, 12 menesi)).

Autora izveidota inovativa analitiska izteiksme un datorsimulacijas modelis
skabekla $kidibai tidenT atSkirTba no ieprieks zinamajam ietver sev ne tikai Gidens
temperatiiras un aeracijas tvertnes konstruktivo parametru ietekmi, bet ari
atmosferas gaisa spiediena un skabekla koncentracijas ietekmi, ka arT notekidenu
salainibas ietekmi. Simulacijas rezultatu salidzinagjums ar eksperimentalo
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petijumu datiem apstiprina iegiitas analitiskas sakaribas atbilstibu kompleksajiem
skabekla skidibas procesiem aeracijas tvertne.

Analitiskie petfjumi apstiprina hipotézi par notekiidenu aeracijas tvertnes
funkcionalo atbilstibu nestacionaram objektam ar mainigiem inerces un jutibas
raditajiem. Nestacionaritati nosaka kompleksais skabekla $kiSanas process kopa
ar mainigiem aeracijas tvertnes un piesarpojuma inerces un jutibas raditajiem.
Notektidenu piesarnojuma ¢ izmainas ietekmé aeracijas tvertnes jutibas raditaju
Ka un slodzes inerces raditaju T,. Aeracijas kompresoru raziguma Ly izmainas
ietekmé tvertnes inerces raditaju T, un slodzes jutibas raditaju K.

Promocijas darba izstradatais inovativais aeracijas tvertnes datorsimulacijas
modelis lauj risinat tie$a veida analitiski neatrisinamu parvades funkcijas
vienadojumu sistemu, kas apraksta aeracijas tvertnes un slodzes inerces un
jutibas raditaju izmainas un mijiedarbibu, tadéjadi radot iesp&ju model&t
aeracijas tvertné notiekoSos procesus, un parbaudit dazadu vadibas principu
darbibu. Regulgjosas iedarbes un slodzes jutibas un inerces raditaji $aja modelt
tieck nepartraukti parrékinati un ievaditi parvades diferencialvienadojumu
sist€ma.

Simulacija konstatéts, ka aeracijas tvertne reagé uz piesarpojuma un tam
atbilsto$a aeracijas kopresora raziguma izmainam ka nestacionars nelinears
objekts. Preilu notekiidenu aeracijas tvertnes simulacija pie mainiga mazpilsétai
raksturiga diennakts piesarnojuma tvertnes jutibas raditaja K, izmainas diapazons
bija robezas no 0.1 lidz 0.95 (grm™)(m>h™) ™, tvertnes inerces raditaja T,
izmainas diapazons bija robezas no 30 Iidz 95 min, slodzes jutibas raditaja K,
izmainas diapazons bija robezas no 0.03 lidz 0.095 (gm™>)-(m>h™) ™, un slodzes
inerces raditaja T, izmainas diapazons bija robeZas no 3 Iidz 30 min, pie tam
izmainu diapazoni dazadiem vadibas principiem atSkiras. Vadibas principi ar
augstaku vadibas kvalitati uzradija Saurakus jutibas un inerces raditaju izmainas
diapazonus.

Eksprimentalie petijumi parada biitisku atskiribu starp aeracijas tvertnes inerces
raditaju skaitliskam vertibam pie dazadam slodz€m un notekiidenu aeracijas
inzeniersistémas darba reZimiem (aeracijas tvertnes laika konstantes vertiba pie
ieslégta aeracijas kompresora ir 2.01 — 2.76 reizes liclaka neka pie izslegta
aeracijas kompresora). Sadas atkiribas raksturigas nestacionariem nelineariem
objektiem.

Aeracijas tvertnes datorsimulacijas modela un eksperimentalo datu salidzinoS$ie
petijumi uzrada cieSu sakaribu (R*>>0.997), un apstiprina ta atbilstibu aeracijas
tvertné notiekoSiem procesiem. Tadgjadi apstiprinas hipot€ze par notekiidenu
aeracijas tvertnes funkcionalo atbilstibu nestacionaram objektam.

Analitiski pieradits, ka aeracijas kvalitati un energoefektivitati biitiski ietekmé
aeracijas tvertnes konstruktivie parametri — tvertnes dzilums, aeracijas difuzoru
skaits un tips, ka arT gaisa plismas intensitate caur tiem. Aeracijas difuzoru
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10.

11.

iegremdéSanas dziluma palielina$ana no 4 m 1idz 6 m dod kopgja elekroenergijas
patérina samazinajumu par 3.2 % gada. Optimala aeracijas difuzoru izvéle un to
skaita palielinajums rada lidz pat 4%, bet gaisa plismas intensitates
samazinajums caur difuzoriem rada lidz pat 3% elektroenergijas patérina
samazinajumu.

Iegutas likumsakaribas un analitiskas izteiksmes, ka arT simulacijas modeli lauj
pamatot energiju tauposas notekiidenu aeracijas inzeniersistémas konstruktivos
risinagjumus, izstradat katrai $adai sistémai pielagotu adaptivas automatiskas
vadibas principu, pamatot tai atbilstoSu elektroenergijas izmantoSanas tarifu
planu, kas nodrosinas energoefektivu, ekonomiski un tehniski optimalu darbibas

rezimu notekiidenu attiriSanas sistémas Latvijas mazpilsétas, tadgjadi nodrosinot
NAI darbibas optimizaciju.

Apstiprinas hipotéze par to, ka notekiidenu aeracijas inzeniersist€mas ka
nestacionara tehnologiska objekta vadibai un optimalai darbibai nepiecieSsama
kvalitativi iestatita adaptiva automatiska programvadiba. Promocijas darba
izpildes laika izveidotais notekiidenu aeracijas sistémas kombinétas
PID/kvaziinvariantas vadibas princips paaugstina aeracijas kvalitati mainigos
vides apstaklos, dodot iesp&ju paaugstinat sist€mas energoefektivitates raditajus.
Ta ievieSana un atbilstoSa tarifa izmantoSana Preilu notekiidenu attiriSanas
ietaiSu aeracijas kompresoru vadiba dos 4221 LVL ekonomiju gada, un bitiski
uzlabotu regulé$anas kvalitati — tiks sasniegta nepiecieSama skabekla
koncentracija ar minimalu novirzi C=2+0.069 g'm™ (+3.45%).
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BACKGROUND, SCOPE, AND
STRUCTURE OF RESEARCH

Wastewater aeration engineering system is important part of modern biological
wastewater treatment system, which provides biological environment in the aerotank
with oxygen necessary for metabolism. It includes air supply system, air blowers
driven by electric motors with automatic control system which operates under
particular program, and aeration tank with air diffusers system for even air
distribution in wastewater (Fig.1).

Observations show that wastewater aeration engineering system consumes
substantial part (40..80% depending on geographic location and technology used) of
total energy consumption for wastewater treatment. Thus proper choice of air blowers
automatic control system is important in order to get technically and economically
optimal operation for particular wastewater treatment system.

Available sources of information and research analysis suggests that even if
studies of sewage aeration engineering system elements are wide, they lack common
perspective and understanding of the dynamic nature of the aeration tank, and
influence of different control principles on the quality and efficiency of aeration.

Transient processes in aeration tank are observed at most part in relation to
biological processes, and complex technical and technological solutions are
incomplete. Few researches had been done on interaction between regulatory impact
(air oxygen supply intensity) and perturbation (wastewater pollution) transfer
functions inertia and sensitivity ratios and their variability - the aeration tank transfer
function usually is presented as first order differential equation with fixed parameters.

Studies on oxygen solubility in wastewater had been looking at influence of
different individual factors, but no complex analytic model taking in account set of
factors affecting solubility of oxygen was developed and used in wastewater aeration
control systems.

Lack of a common mathematical model that describes the non-stationary
oxygen transfer process in the aeration tank sets limitations for the sewage treatment
plant designers and operators to use the optimal (energy-efficient and high quality)
aeration engineering system control algorithm, which takes in account the dynamics of
the aeration tank.

Therefore the research on wastewater aeration engineering system and oxygen
transfer in aeration tank including mathematical and computer simulation model
development was done, and findings were used for optimal air blowers control system
development.

HYPOTHESIS, AIM AND TASKS OF THE RESEARCH

The research hypothesis are:

1. wastewater aeration engineering system is nonstationary technological
system with variable inertia and sensitivity ratios, and its operations are
described by using system of non-linear differential equations with variable
parameters;
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2. optimal operations (appropriate quality and efficient use of energy) for
wastewater aeration engineering system can be achieved by use of adaptive
control system, which provides continuous recalculation of regulating
impact and perturbance inertia and sensitivity ratios, and input of calculation
results in aeration tank transfer functions system.

The aim of research: to justify theoretically and experimentally unsteady
nature of wastewater aeration engineering system as nonstationary system with
variable sensitivity and inertia ratios, and to offer innovative automatic control
principle for wastewater aeration technological equipment, which can provide optimal
(appropriate quality and efficient use of energy) operation.

The tasks to reach the stated aim:

1. To study waste water treatment plant energy consumption trends, tendencies
and influencing factors.

2. To examine impact of wastewater aeration engineering system components
on energy consumption and waste water treatment quality.

3. To investigate oxygen transfer and consumption in wastewater treatment
plants, explore the influencing factors of oxygen solution process in water
and their analytical patterns, and develop a complex mathematical model of
oxygen transfer.

4. To carry out research on the dynamics of the aeration tank, clarifying
analytical patterns of nonlinear sensitivity and inertia parameters, which
state nonstationary nature of aeration tank.

5. To develop virtual model of aeration tank, and to investigate complex
impact of different influencing factors on wastewater treatment quality and
energy use efficiency.

6. To carry out experimental research in Preili wastewater treatment plants, and
to determine the dissolved oxygen concentration changes in the aeration
tank.

7. To perform comparative analysis of experimental and simulation data in
order to evaluate virtual model adequacy.

8. To investigate wastewater aeration engineering system control principles
efficiency and their optimization potential, using developed aeration tank
virtual model.

9. To develop enhanced aeration wastewater engineering automatic control
principle, which takes in account nonstationary nature of aeration tank, and
makes adaptive adjustments of the control operation, thus providing
optimized efficiency and economic parameters for particular treatment
system.

APPROBATION OF THE SCIENTIFIC WORK

The research was carried out in time period from 2005 till 2011. During this
time 7 publications from which all of them comply with the requirements of generally
recognized scientific publications.
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Research novelty is proved by Latvia State patent No.13998 (patent
publication data November 20, 2009) “Wastewater aeration quasiinvariant control
system”, inventors Aigars Laizans, Andris Sniders, Janis Greivulis.

List of publications:

1. Sniders A., Laizans A. Invariant Control of Wastewater aeration. In:
Proceedings of 1% International Internet Conference on Systems, Computing
Sciences and Software Engineering CISSE — 05 (Computer, Information and
System Sciences and Education) ,,Advances in systems, computing sciences
and software engineering”, University of Bridgeport Institute of Electrical
and Electronics Engineers (IEEE), Springer Publ. 2005-2006, pp.99-103.

2. Sniders A., Laizans A. Main conditions of wastewater aeration unit design
parameters. In: Engineering for rural development: Proceedings of the 5"
International scientific conference. Latvia University of Agriculture Faculty
of Engineering, Jelgava 2006, pp.160-164.

3. Sniders A., Laizans A. Computer aided modeling of wastewater aeration
systems, In: Proceedings of the 3™ International Conference “Rural
development”, Book 2, Kaunas, November 8-10, 2007, pp. 227-231.

4. Sniders A., Laizans A. Oxygen transfer process simulation in wastewater
aeration tank. In: Engineering for rural development: Proceedings of the 6"
International scientific conference. Latvia University of Agriculture Faculty
of Engineering, Jelgava, 2007, pp.154-158.

5. Laizans A., Sniders A. Simulation of cost—efficient wastewater aeration
control using invariant control principle. In: INMATEH 2008 - |
"AGRICULTURE AND ENGINEERING - complying with the European
requirements”, International scientific conference proceedings, January 28—
29, 2008, Bucharest, Romania, pp. 183-188.

6. IImmpnepc A.A., Jlaiizanc A.Jl. HecrammonapHas wMonems mepeHoca
KHucJjiopoaa B adpOTEHKE OMOJOIMYECKON OUYMCTKHM CTOYHBIX BOJ. B: Bricokue
Texnonoruu, @ynnamentanbHple U Ilpuxknaguele  MccnepoBaHus,
OopasoBanue, Tom 13, Coopuuk Tpynos, [lon pemakiueir A.Il. Kyaqunoga,
' Marsuenko, 5.MexayHaponHas koHbepeHuus "Hccredosanue,
pa3pa60mz<a u npumeHeHue 8blCOKUX MEeXHONO2ULL 8
npomviutiennocmu”,Ct.Iletepoypr, Poccus, Anpens 2008., pp. 384-386

7. Laizans A., Osad¢uks V., Sniders A. System analysis of oxygen transfer in
wastewater aeration tank. In: Proceedings of INMATEH 2008 - Il
"Engineering And Management Of Sustainable Development In Agriculture,
Transport And Food Industry”, International scientific conference, July 18-
19, 2008, Bucharest, Romania, pp. 132-137.

Research results presented in following international conferences in Latvia,
Lithuania, Russia, USA, and Romania.
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Invariant Control of Wastewater aeration.1st International Internet
Conference on Systems, Computing Sciences and Software Engineering
CISSE - 05 (Computer, Information and System Sciences and Education):
Advances in systems, computing sciences and software engineering,
University of Bridgeport Institute of Electrical and Electronics Engineers
(IEEE), USA, December 11-18, 2005.

Main conditions of wastewater aeration unit design parameters. 5th
International scientific conference ,,Engineering for rural development™.
Jelgava, May 18-19, 2006.

Impact of wastewater aeration process control techniques on the energy
consumption. 13th International Scientific Conference: Research for rural
development. LLU, Jelgava, May 19-22, 2006.

Notektidenu aeracijas invariantas vadibas sistéma. Izstade Latvijas regionu
sasniegumu parskatam un attistibai: "Regionala attistiba Latvija 2006" .
Posters Kipsalas izstazu centra 20.-22.aprili, Riga,2006.

Computer aided modeling of wastewater aeration systems. 3" International
Conference: Rural development, Kaunas, November 8-10, 2007.

Oxygen transfer process simulation in wastewater aeration tank.6th
International scientific conference: Engineering for rural development. LLU,
Jelgava, 2007.

HeCTaHI/IOHapHaH MOJECJIb NEPEHOCA KUCTIOPOaa B aOpOTCHKE OHMOJIOTHYECKOMH
OYKMCTKH CTOYHBIX BoJ. S5.MexnyHaponHas koHgepeHuus: Hcciedosanue,
pa3pa60ml<a u npumeHenue e6blCOKUX mexHono2ull 6 npomwlidileHHocmu,
Cr.IlerepOypr, Poccus, Anpens 2008.

System analysis of oxygen transfer in wastewater aeration tank. International
scientific conference INMATEH 2008 - II: Engineering And Management Of
Sustainable Development In Agriculture, Transport And Food Industry, July
18-19, 2008, Bucharest, Romania.

Round-table discussion. Wastewater treatment — experience and trends. 4"
International Water Association’s International Young Water Professionals
Conference. Conference held at the Clark Kerr Campus Conference Center of
the University of California at Berkeley, USA, from July 16 to July 18, 2008.

1L.WASTEWATER TREATMENT SYSTEMS ENERGY
CONSUMPTION PATTERNS THEORETICAL
RESEARCH

Importance of aeration is stated by modern wastewater treatment technologies

which use biodegradation. Analysis of waste biodegradation process confirms that
oxygen is the main element needed to remove carbon, nitrogen and phosphorus from
wastewater. Delivering proper amounts of oxygen in wastewater let biological
environment in the wastewater treatment system to maintain their metabolism, and to
even destroy chemical pollution.
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The situation and trends in Latvia wastewater treatment plants (WWTP) energy
consumption was analyzed in order to determine the factors influencing wastewater
treatment plant operations, as well as oxygen transfer and solubility in wastewater,
and dynamic parameters of the aeration tank, using analytical studies and simulations.

1.1.Analysis of Latvia wastewater treatment systems operations and
energy consumption patterns

In order to determine influence of external factors on wastewater treatment
plant energy consumption, analysis of different municipal WWTP in Latvia was
conducted. Specific energy consumption (kWh-m™) and wastewater inflow data from
five municipal wastewater treatment plants with different stages of modernization
were analyzed on monthly and annual base (19 data sets in total).

Dispersion analysis stated with 99.9% probability that annual trend in specific
energy consumption differs substantially between municipal WWTP.

Impact of upgrade stage on energy efficiency was tested by using t - test, and
splitting the WWTP in two groups — recently upgraded plants - in Bauska, in Liepaja,
from 2007 in Jelgava, in Gulbene, from 2002 in Aizpute, operated using automatic
control system, (the mean value of specific power consumption M = 0.50 kWh-m™,
standard deviation SD=0.075 kWh'm™), and not upgraded plants - Preili from 2005
till 2009, Jelgava 2004 to 2006 — WWTP using manual control (the mean value of
group specific electricity consumption M = 0,78 kWh-m™, SD = 0,123 kWh-m™).

Since t=5.71>t;=2.201 (p=0.0001), it can be assumed that difference between
specific energy consumptions of defined groups is statistically significant — energy
consumption of wastewater treatment plants using automatic control is significantly
lower than those which are not upgraded.

The major part of energy in the wastewater treatment plants is being consumed
by air blowers, and use of automatic control in air blower motors operation can
improve dissolved oxygen concentration quality and oxigenization process efficiency.

In order to evaluate WWTP operation efficiency from long-term perspective,
data of upgraded Gulbene WWTP energy consumption were analyzed. Dispersion
analysis assured with 99.9% probability that specific energy consumption in this
wastewater treatment plant shows monthly seasonality which repeats on annual basis.
Spectral (Fourier) analysis revealed 4 and 6 months seasonality, as well as 12 months
(annual) seasonality (Fig.2).

Correlation analysis of data about mean monthly air temperature, precipitation,
wastewater volume and specific energy consumption in Gulbene WWTP revealed
strong negative correlation between (R?*= -0.800) specific energy consumption and
precipitation — oxygenized water from precipitation enters wastewater system, and
reduces the waste concentration in wastewater, thus reducing need for extra energy
consumption. At the same time no relations were find between outside air temperature
and wastewater volumes (R’= —0.051). Substantial negative correlation (R*= -0.316),
was revealed also between outside air temperature and specific energy consumption —
as lower is air temperature, as higher energy consumption. Thus temperature changes
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must be taken in account in order to reduce energy consumption and increase overall
efficiency.

1.2. Theoretical research of oxygen solubility

Oxygen dissolving in water is complicated physical process influenced by
different factors. In order to evaluate aerotank dynamic response, it was necessary to
introduce in the mathematic model of aerotank the analytic equation of oxygen
solubility, which takes in account main influencing factors — oxygen concentration in
air supplied, wastewater temperature and salinity, as well as air pressure.

1.2.1.0xygen concentration in air impact on oxygen solubility

Observations of oxygen concentration in air prove substantial seasonality.
Oxygen concentration change diapason is between 20.84% and 20.97 %, showing
lowest scores during winter (BIO2 International, s.a.; Keeling, McEvoy, & Manning,
1998;Moiseeva, 1995).

Main reasons for such seasonality in oxygen concentration in air are the
following: oxygen production changes during the year by plants, oxygen solubility in
water increase due to water temperature decrease, as well as seasonal changes in
human activities — increased oxygen consumption due to increased fuel burning for
heating in cold weather. Observations also confirm assumption that oxygen
concentration in urban area is lower than in countryside and in forests.

Oxygen concentration fluctuations are considerable, and this factor will be
included in oxygen solubility formula, which then will be used for highly efficient
wastewater aeration control system development.
1.2.2.Water temperature impact on oxygen solubility

Experimental research revealed that open basins water in summer (temperature
21°C) contains in average 13 g:m™ nitrogen N,, 9 g'm™ oxygen O,, and 35 g'm™
carbon dioxide CO,. (Meck, s.a.; Mack, s.a.). Saturation level of gases dissolved in
water differs, and depends on water temperature (Colby, s.a.; Colt, 1984). With water
temperature increase solubility of gases in water decreases (Colt, 1984; FAO, 1998).

Saturation level of oxygen solubility usually is being acquired from ready-
made tables, which were developed from experimental data (Colt; 1984; YSI, s.a.).
There are only few analytic expressions available currently (Truesdale, Downing,
1954; Weiss, 1970; Garcia, Gordon, 1992; Tromans, 2000; Sniders, 2003).

Using regression analysis of temperature impact on oxygen saturation in water
experimental data (Colt, 1984), the formula describing this relation was acquired

C, (®):14.208-exp(—0.0219-®). (1)
This exponential expression which joins together oxygen saturation in water
Cs(®) and temperature ® (in Celsius degrees) with high accuracy describes the

interdependence of those two factors (R*= 0.997), at the same time can be used as
basic analytic expression for oxygen solubility multifactorial model development.

1.2.3.Wastewater salinity impact on oxygen solubility
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Wastewater contains mixture of different dissolved salts, suspended solids, and
live creatures — microorganisms, bacteria, etc. Experimental research shows that
concentration and composition of salts dissolved have direct impact on oxygen
concentration in water — as higher is salinity, as lower is oxygen saturation level in
water (Colt, 1984). For simplified oxygen saturation calculations, non-dimensional
coefficient is being introduced, which should take in account wastewater salinity
(YSl, s.a.).

Obviously such approach does not allow to adjust oxygen saturation level
neither to specifics of particular WWTP with its own composition and concentration
of dissolved salts, nor to changes in dissolved salts composition and concentration.

Modified analytic expression which takes in account composition and
concentration of dissolved salts in wastewater (using Mack, s.a.; Han, 2002) for use in
mathematic model was created:

n -1
C. =C, -exp[z Kicij , @)
i=1

where  C, — oxygen solubility in clean water, grm™,

i — index of the ione dissolved in water,

Ki — semiempyrical constant for the indexed ione,

c; — molarity of the indexed ione in water solution.

C —— oxygen solubility in water with dissolved indexed iones, grm™.
1.2.4.Atmospheric pressure and temperature complex impact on
oxygen solubility

Observations (Colt, 1984) show that atmospheric pressure has impact on
oxygen solubility in water — with diminishing atmospheric pressure oxygen solubility
in water decreases.

Analytic expression which describes interrelation between air pressure and
oxygen solubility was developed using modified Henry’s formula:

Cx:px'k;:px'A'NA'aX' (3)
where  C, — gas x solubility, grm™;

k;, — Henry’s constant for gas x (particularly — for oxygen), (g/m®)-Pat;

p, — partial pressure of gas x (in this formula — oxygen), Pa;

Na— Avogadro’s constant, mol™;

A — coefficient taking in account oxygen density;

o — Bunzen’s coefficient for oxygen, m*mol™.

Formula describing Bunzen’s coefficient for oxygen was developed using
experimental data (Weiss, 1970) and applying nonlinear regression model:

a =4.91-exp(-0.0219-G). 4)

Gas pressure impact on gas solubility can be described using modified

formula (Broecker, Peng, 1982; Sawyer, McCarty, 1978):

C- p1_1 =C,- pz_ln 5)
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where  C,and C, — gas solubility for two different pressures, g'm™;
p, and P, —gas pressures, Pa.

Formula describing complex impact of air pressure and temperature was
created using expressions (3), (4) and (5):

C =p,-A-N,-a"-4.91-exp(-0.0219- ©). (6)

1.2.5.Wastewater density impact on oxygen solubility

Air supply to aerotank must be provided with overpressure, if aeration is
provided from a bottom of aerotank, because wastewater layer above the diffuser
creates overpressure, and air blower must provide air pressure which is bigger than
that created by wastewater layer — air pressure must be bigger than pressure in the
diffuser submerging depth h in wastewater.

Water density changes have impact on necessary air blower output pressure. At
the same time water in its liquid stage differs from other liquids substantially — its
density changes nonlinearly with temperature changes. None of known oxygen
solubility models take in account this nonlinear impact.

Expression describing air blower output pressure dependence on temperature
and air diffuser submerging depth, and taking in account water density nonlinear
dependence from temperature was created:

p, =p-g-h=(-0.006-0° +0.0365-©+999.91)-g - h, (7
where  p, — water pressure in depth h (required air blower pressure), Pa;
p— water density, kg'm™;

h— air diffuser submerging depth, m;
g — gravity constant, 9.81 m-s™.

1.3.0xygen solubility mathematic model

Mathematic model which describes the interrelation between oxygen solubility
in wastewater and the scope of external factors — air pressure, oxygen concentration in
air, wastewater salinity and dissolved iones composition, wastewater temperature, as
well as air diffusers submerging depth, is presented in the formula developed by the
author:

0.668-T, ( p, +(~0.006-©7 +0.0365-6 +999.91) - g ~h~10‘3)
exp( K¢, +0.0219-0)

C, =C(1,. p,.0,K,c,.h) = ®)

where 1, —proportion of oxygen in air;
2

p. — atmospheric pressure.
Virtual model of oxygen solubility using formula (8) and software package
Matlab subprogram Simulink was developed (Fig.3) for further exploration of
wastewater aerotank dynamic response.

36



1.4.0xygen transfer stationary model

Using research results about oxygen transfer efficiency in wastewater
aeration process (Sniders, 2003), updated formula for necessary air supply intensity
(air blower capacity) Ly was created:

— Q.(La_Lt) — q (9)
S kg ky ks kg (Cs—C) KoKy oKy k- (Cs—C)

where
L, — oxygen demand (BOD+COD) for full wastewater treatment, g-m™;
L, — remaining oxygen demand in effluent wastewater (BOD+COD), g'm>;
ki — adjustment coefficient taking in account air diffusers submerging depth
h;
k, — adjustment coefficient taking in account wastewater temperature O
impact on sludge activity;
ks — adjustment coefficient taking in account density of diffusers o, and air
flow intensity through diffuser 2, m*>h™;
ks — adjustment coefficient taking in account composition of active sludge,
for optimal active sludge composition k,=1;
g - oxygen consumption in aerotank, g-h™;
Q — wastewater afflux, m>h™;
Cs— oxygen solubility, grm™;
C — dissolved oxygen concentration in wastewater, g-m™>.

Computer simulation was provided using formula (9) and implementing in it
Preili WWTP data. Simulation results analysis proves the statement that there is
nonlinear relation between oxygen concentration C in wastewater, air supply L4 and
oxygen consumption in aerotank (pollution) g — with air supply L4 increase oxygen
concentration increases, and with pollution g increase oxygen concentration decreases
(Fig.4).

Analytic expression C=f(Lg) describing oxygen concentration in aerotank
dependence on air supply intensity is nonlinear, and can be linearized only in narrow
areas. Recalculation of transfer coefficients is necessary to get much more precise fit
between simulation model and real processes occurring in aerotank.

1.5.0xygen transfer nonstationary model

Assuming homogenous distribution of supplied air in the aerotank along its
surface and equal dissolved oxygen concentration along aerotank volume, oxygen
transfer then can be described as nonstationary dynamic process using oxygen balance
equation in aerotank (Sniders, Skrastins, 1995; Sniders 1997):

T, d%tcmc =K, AL, (10)

where T, —time constant of aerotank, min;
K, — transfer coefficient of aerotank, (g'm™)-(m*h™)™;
AC - dissolved oxygen concentration alteration, g-m™>;
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AL~ air blower output capacity alteration, m*min™".

Aerotank time constant T, which describes inertia of aerotank transient
process, can be calculated using the formula:

Ta o (11)
Ly -k, -k, K-k,
where V, — aerotank volume, m?.
Transfer coefficient of aerotank K, which describes aerotank sensitivity
against control perturbance L, can be calculated using the formula:
Ka:%:%—zq—. (12)
o Ly Lykooky ks ok,
Load (pollution) balance in aerotank can be described using the following
equation:
qu%tcwcqu Aq, (13)
where T, —time constant of pollution transient process in aerotank, min;
K, — transfer coefficient of load (pollution) in aerotank, (g'm™)-(g'h™)™;
AC - dissolved oxygen concentration alteration, grm™;
Agq - pollution alteration in afflux, g:min™.
Time constant of load T, which describes inertia of pollution g transient
process in aerotank, can be calculated using the formula:

~ Va C . (14)
gk ok, ks ok,
Transfer coefficient of load (pollution) in aerotank K, which describes aerotank
sensitivity from load g, can be calculated using the formula:

A v (15)
TAq L, -k -k, Ky -k,

Analytic analysis and simulation of inertia and sensitivity coefficients revealed
their nonlinear response against perturbances in aerotank. In case of rapid load and
control perturbances changes these coefficients differ substantially from their static
values in linear model.

This allow to state that aerotank can be described as nonlinear nostationary
object with variable inertia and sensitivity, which proves initially stated hypothesis.

The coefficients K, and K , and constants T,, and T, are not static — they
change values during aerotank operation, it is proposed to call them factors or
indicators. Then T, could be called aerotank inertia indicator, K, could be called
aerotank sensitivity indicator, T, — load inertia indicator, and K, — load sensitivity
indicator.

Dynamic transient processes in aerotank from control parameter Ly and load
perturbance g impact can be described using system of nonlinear nonstationary
differential equations:
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daC
Ta(Lg).T+AC=Ka(Lg,q)-Lg 16)
Tq(q)-%+AC:Kq(Lg)~Aq

Applying Laplace transform to the differential equations, the aerotank transfer
functions of control and load impact were stated:
_Ca(s)_ Ki(Lya)

L) T,(L,)s+1, 17)

RO CY
) T (L) s+t

W, (s)

where s - Laplace variable, s

These transfer functions can be used to develop virtual model of aerotank for
computer simulation under variable control and load perturbance inertia and
sensitivity indicators, and to simulate different control principles efficiency.

Software Matlab subprogram Simulink was used to develop aerotank virtual
model (Fig.5). Blocks at the left side of model are used for aerotank construction and
technology, as well as external environment and oxygen solubility describing
parameters and perturbations introduction in the model, blocks at the right side of
model comprise simulation result — dissolved oxygen concentration in effluent from
aerotank..

Simulation block named ,,Calculation subsystem” (Fig.6) provides simulation
of aerotank mathematic model, but blocks named ,, Transfer functionl” un , Transfer
function2” - aerotank transfer function indicators instant recalculation during
simulation.

Important property of the model to be mentioned is that using it one can
simulate both static and dynamic responses. For static simulation, values of control
and load inertia Ty and T, must be set to T,=T,=0.

Principles used in automatic control simulation transfer function realization do
not allow to change inertia and sensitivity indicators online, because common
understanding of these indicators is that they are constant and must be introduced
initially. As current research stated that they are variables, it was necessary to develop
special transfer function block with variable inertia and sensitivity indicators. Sample
of regulating impact transfer function realization presented in Fig.7.

Through information input channels ,,q input” un ,,Lg input” transfer function
receives actual pollution and air blower capacity, which is being used in blocks ,,Ka
calculation” un ,,Ta calculation” for sensitivity and inertia factors recalculation, and
further steps let to realize transfer function, and actual level of dissolved oxygen level
C. Simulation block for load transfer function Wy(s) has similar structure.
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1.6.Comparative research of oxygen transfer nonstationary
and stationary model

Comparative research of oxygen transfer nonstationary and stationary models
was carried out in order to reveal how the choice of automatic control system affects
quality of dissolved oxygen concentration regulation and parameters of control device.

Special simulation model was developed to provide comparative research,
where two parallel operating aerotank simulation models were put together — one with
variable inertia and sensitivity indicators — dynamic model, and another with constant
inertia and sensitivity indicators — stationary model. Inertia and sensitivity indicators
Ka Kq Ta and Tq for stationary model were used from those values revealed in
dynamic model after process stabilizing (C=const).

Data used for simulation were taken from Preili WWTP technical and
technological information:

o stated dissolved oxygen concentration in effluent C=2 g-m™;

e inertia and sensitivity indicators for stationary model:

0 Kg=0.2153(gm¥)(m>*h?)*%
o T,=49.91 min;
0 Kg=0.0491 (gm)(g-h™)Y
0o T4=3.183 min.

e air blower capacity during first (stabilization) stage of simulation (up to time
t=350 min) set to Ly=1120 m>h™ (feed frequency of air blower asynchronous
electric motor set to 50 Hz);

e second stage of simulation starts at time t=350.min;

e air blower capacity during second stage of simulation set to Ly=1008 m>h™
(90% of maximum air blower capacity, provided by variable frequency drive
with asynchronous electric motor and output frequency range 20..50 Hz).
Simulation results (Fig.8) show, that using stationary simulation, oxygen

concentration in effluents decreases proportionally to the decrease of air blower
capacity. Stabilized value reaches C=1.8 g'm~>(10% reduction from stated value).

In the nonstationary dynamic model, second stabilization occurs at
substantially lower dissolved oxygen concentration — C=0.42 g:m>(79% reduction
from stated value).

Simulation results proves the statement, that nonstationary model responds to
external changes substantially different than stationary model, and much more
properly describes oxygen transfer process occurring in aerotank. Introduction of
variable inertia and sensitivity indices in aerotank mathematic model and appropriate
air blower control system adjustment are necessary

2.WASTEWATER AERATION EXPERIMETAL
RESEARCH

Experimental research took place in Preili WWTP. The main aim of
experimental research was to reveal dynamic reactions of aerotank to perturbances,
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and to evaluate adequacy of developed analytical model of aerotank to real processes
in wastewater aerotank.

Two sets of measurements of dissolved oxygen concentration in effluents with
time gap one year were provided.

Digital oxygen concentration measuring device ,,Lutron” DO-5510 was used.
Dynamic properties of the device were tested before using it for measurements, and it
was stated that dynamic response of the device is substantially faster than dynamic
response of aerotank, and this device can be used for experimental measurements.

Data recorded during experiments were processes using non-linear regression
analysis tools, and equations describing dissolved oxygen concentration for turned on
and turned off air blower were revealed. (Table.1).

Inertia indices in both experiments differed, but kept the tendency that ratio
between inertia indicator when air blower is turned on and turned off is stable (ranges
from 2.01 to 2.76) which differs substantially from first order function, showing
nonstationarity of aerotank as dynamic system.

3.COMPARISON OF EXPERIMENTAL DATA AND
SIMULATION MODEL

Comparison of experimental data and simulation model was done using root
mean square error method. During simulation, the dissolved oxygen concentration
C= 8.66 g'm™was stated, which conforms to the experimental data saturation level.

Technical and technological data from Preili WWTP were used in simulation —
air blower capacity L,=1120 m*h™, aerotank data (A=1m*min™, 6=0.063, h=4 m),
and external environment data typical for the experiments providing date (@=+10°C,

Pg=101.325 kPa, I, =0.2097).

Pollution level g= 189.8 g'min™* was revealed as the level where both models
showed equal saturation and shape of trend lines, and was found adequate for Preili
WWTP chemical and biological oxygen demand. Final (stabilized) values of inertia
and sensitivity indicators at the end of simulation were following : aerotank sensitivity
indicator K,=0.4645 (g'm™®)-(m*h™)™, inertia indicator T,=37.33 min, load sensitivity
indicator K,=0.0375 (g'm™)-(g-h™) ", load inertia indicator T,=31.83 min.

Root mean square error was calculated by instant differentiating of online
calculated mean squares of the two data sets, and the result did not exceed 4C;,,s=0.15
gm™ (2.1% from amplitude C=7 g'm™at time t=60 min.), stating strong relation
between the two data sets and proving that developed mathematic model of aerotank
fits to experimental results and real process of oxygen transfer in aerotank.

4.AIR BLOWER CONTROL SYSTEM SIMULATION
AND OPTIMIZATION

Research results prove that wastewater aeration engineering system is
nonstationary dynamic system, which is influenced by a set of internal and external
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variables. This allows to state the hypothesis that optimal control principle of air
blower which provides acceptable quality and efficiency is microcontroller driven
variable frequency drive with asynchronous electrical motor, which uses information
from aerotank effluents about dissolved oxygen concentration as feedback about
oxygen transfer processes and dynamics taking place in aerotank. Simulation of air
blower and aerotank operations using different control systems was done in order to
prove the hypothesis stated and to find technically and economically optimal control
principle.

Optimal control principle means minimum operation costs in order to reach
and keep stable stated dissolved oxygen concentration in effluent wastewater, and
minimum discrepancy from stated dissolved oxygen concentration under dynamic
load perturbances.

Mathematic model of aerotank with variable inertia and sensitivity indicators
which were recalculated instantly during simulation was used for different air blower
control principles comparison and control quality evaluation.

The main variable during simulation was oxygen demand (pollution) q in
wastewater afflux. Initial pollution was set to =305 g-m™>, and during simulation time
t=1440 min. pollution alteration was simulated — 6 hour seasonality (pollution
variation during the day — increase in pollution between 6:00 and 9:00, 12:00 and
14:00, and between 18:00 and 20:00, with pollution decrease between these time
periods), 24 hour seasonality (daily changes), and quasi-random pollution seasonality
during the day with period t=30 min. Variation amplitude for all mentioned variations
was set to 10% from initial pollution.

Control principles used in simulation:

e no feedback:

0 continuous operation of air blower;

0 operation of two air blowers (one is set for minimum pollution periods,
and provides aeration and mixing, another is turned on time based
principle, when pollution increases).

o feedback used (dissolved oxygen concentration in aerotank effluents):

0 operation of two air blowers (one is set for minimum pollution periods,
and provides aeration and mixing, another is turned on, when pollution
increases);

o0 variable frequency driven asynchronous motor for air blower, with PID
controller;

o0 variable frequency driven asynchronous motor for air blower, with
PID/quasiinvariant controller.

Criterion for comparison — conformity of dissolved oxygen concentration to
stated concentration C=2 g'm™.

Control principle using PID/quasiinvariant control was simulated using
developed quasiinvariant control simulation block (Fig.9), which uses both dissolved
oxygen concentration in effluents, and wastewater afflux (information about the
parameter was taken from pollution simulation block).
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Wastewater afflux and dissolved oxygen concentration signals differentiation
in the quasiinvariant control block is taking place, allowing to state these signals
variation speed. Blocks called ,,Relay” allow to state the status change levels and
output levels which then are sent to adding unit. The status change and output levels
were stated using information about aerotank dynamics gathered during experimental
research and simulations.

Simulation model using PID/quasiinvariant control is presented in Fig.10,
simulation results — in Fig.11, and variations in inertia and sensitivity indicators
during simulation — in Fig.12.

During simulation air blower responds to pollution variation, and aerotank and
load inertia and sensitivity indicators changes occur. Aerotank sensitivity indicator K,
variation was in a range between 0.3 and 0.95 (gm™)-(m>h™)™, aerotank inertia
indicator T, variation was in a range between 35 and 95 min, load sensitivity indicator
K, variation was in a range between 0.035 and 0.095 (g-m™)-(m*h™)™, and load
inertia indicator T, variation was in a range between 5 and 9 min.

Using PID/quasiinvariant control, root mean square value of discrepancies
from stated value was ACrmS=O.067g-m‘3 , Which is substantially lower than when
using other automatic control principles.

Analysis of simulations results proves that PID/quasiinvariant control principle
can provide the highest quality of air blower compressor operation in nonstationary
dynamic environment with variable inertia and sensitivity indicators, providing
adequate control quality and minimal discrepancy from stated dissolved oxygen
concentration in wastewater aerotank effuents.

Comparison of air blower control systems using another optimization criterion
— operational expenses, innovative operational electric energy related expenses
calculation for continuous process was developed:

t
A=l,-a,+B+[P(t)-b(t)dt, (18)
t1
where A —summary expenses related to electric energy in time period t,—t;, LVL;
I, — nominal currency of air blower electric motor connection and protection
device, A,
aa — costs based on connection and protection device nominal currency value,
LVL/A/per annum;
B — expenses for connection to grid, L\VL/per annum;
P(t) — air blower electric motor electric power, KW;
b(t) — electric energy tariff, LVL-kW™h™.

The equation developed takes in account tarriff plans offered by energy
supplier (tarriff plans T6, T& un T8 (Latvenergo, 2011)), expenses related to
connection to grid and protection of grid (usually one-time expenses), and direct
operational expenses related to air blower electric motor operation under variable
load and frequency. If main control parameter is electric power of electric motor, and
appropriate tariff applied, overall operational expenses for particular time period can
be calculated.
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Operational expenses calculation formula was used in simulations, and special
simulation block was developed, which included set of appropriate tarriffs to be used
for air blower economic efficiency evaluation (T6 — constant tarriff system, T7 —
tarriff taking in account time-of-day loads, and T8 — tarriff taking in account time-of-
day and day-of-week loads). This simulation block can be used together with different
control simulation blocks, by connecting its input to air blower capacity signal,
allowing to make technical and economical simulation simultaineously, and to reveal
each control unit technical and economical data.

Simulation results are provided in Table.2.

Taking in account stated optimization criterions, and simulation results,
PID/quasiinvariant control system outperformed all other control principles presenting
the smallest discrepancy from stated dissolved oxygen concentration, and lowest
operational expenses.

Using different tariffs offered by ,,Latvenergo” to industrial consumers for
Preili WWTP energy supply, simulation results revealed that tariff T7 gives the highest
expenses levels, thus showing no value for any of control principles used.

Tariff T8 can be used only if the simplest control principle offering the lowest
output quality (nonstop air blower operation) was applied. At the same time
implementation of automatic control system, which uses PID/quasiinvariant principle,
provides comparable expenses, but substantially higher control quality. This automatic
control system together with tariff T6 is optimal solution for Preili wastewater
treatment plant, offering high quality and efficient operation.

CONCLUSIONS

1. Analysis of Latvia municipal wastewater treatment plants operational data
reveals substantial plant reconstruction impact on operational efficiency —
specific energy consumption for wastewater treatment in modernized
wastewater treatment plants (M=0.50 kWh-m® SD=0.075 kWhm?) is
38.9% lower than in those which are not reconstructed.

2. Analytical research proves that wastewater afflux and specific energy
consumption for wastewater treatment has seasonal patterns depending on
environment temperature, precipitation intensity and human activity cycles
(daily (6..8 hours period), weekly (working days/ holidays), annual(4, 6, 12
months period)).

3. Innovative analytic expression and simulation model of oxygen solubility in
water created by author differs from previously known because takes in
account not only water temperature and aerotank design, but also
atmospheric air pressure, oxygen concentration in air, and wastewater
salinity. Simulation results and experimental data comparison assures
conformity of analytic expression to oxygen transfer process in aerotank.

4. Analytic research states the hypothesis that wastewater aerotank is
nonstationary object with variable inertia and sensitivity indicators.
Nonstationarity is a result of combined impact of oxygen transfer process and
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10.

variable aerotank inertia and sensitivity. Wastewater pollution q variation
influences aerotank sensitivity indicator K, and load inertia indicator T,. Air
blower capacity L4 variation influences aerotank inertia indicator T, and load
sensitivity indicator Kg.

Aerotank simulation model presented in thesis paper is innovative approach
in computer simulation, providing possibility to solve directly analytically
unsolvable system of transfer functions, which describes aerotank and load
interaction and inertia and sensitivity variability, allowing simulation of
oxygen transfer process in aerotank and test of different control principles.
Inertia and sensitivity indicators in this model are calculated instantly and
introduced online in the system of transfer function differential equations.
Computer simulation revealed that aerotank responds to pollution variation
and air blower capacity variation as nonstationary nonlinear object.
Simulation of Preili wastewater aerotank using pollution variation with
characteristics usual for small municipality daily seasonality showed
variation range of aerotank sensitivity indicator K, between 0.1 and 0.95
(grm™)-(m*h™) !, aerotank inertia indicator T, variation range was between
30 and 95 min, load sensitivity indicator K, variation range was between 0.03
and 0.095 (gzm™®)-(m>h ™)™, and load inertia indicator T, variation range was
between 3 and 30 min. Variation ranges for different control principles
differed substantially, and indicators variation ranges for control principles
with higher control quality were narrower.

Experimental research showed substantial difference between aerotank
inertia indicator numeric values under different loads and wastewater
aeration engineering system operation principles (aerotank time constant,
when air blower is turned on, is 2.01 — 2.67 times larger than, when air
blower is switched off). Such difference characterizes nonstationary
nonlinear objects.

Comparative research of aerotank computer simulation model and
experimental data show strong relation between them, and prove conformity
of developed model to oxygen transfer processes in aerotank. This allows to
state that the hypothesis about wastewater aerotank as nonstationary object is
verified.

Analytic analysis proves importance of aerotank constructive parameters —
aerotank depth, number and type of air diffusers, and air flow intensity
through the diffusers, on aeration quality and energy efficiency. Increasing
air diffusers submerging depth by 2 meters - from 4 m to 6 m, allows to
decrease annual energy consumption by 3.2%. Optimal air diffuser choice
and increase of diffusers number decreases annual energy consumption by
4%, but air flow intensity decreases energy consumption by 3% annually.
Analytical expressions and etiological principles, as well as developed
simulation models allow to ground design of efficient wastewater aeration
engineering system , and to develop adaptive automatic control principle
adjusted to particular system, and to set appropriate energy utilization tariff
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plan, which provide efficient, economically and technologically optimal
operation principle for small Latvia municipal wastewater treatment plant,
ensuring optimal operation of particular wastewater treatment plant.

11. Research and simulation results prove the hypothesis that adaptive automatic
control system is necessary for control and optimal operation of wastewater
aeration engineering system as nonstationary technological object. Combined
PID/quasiinvariant control principle developed during the research improves
aeration quality in variable environment, allowing efficiency increase.
Introduction of this principle together with appropriate tariff in Preili
wastewater treatment plant air blower control system will decrease annual
operational expenses by 4221 LVL, and substantially increase aeration
quality — stated dissolved oxygen concentration C=2+0.069 g-m™in aerotank
effluents will be reached, and discrepancy from stated value will be small,
just £3.45%.
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