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AHHOTALUMUA

BBepeHue. [lanbHelillee pa3BuTe METOAOB pacyeTa TeMnnoBOro pexvma MOMEeLLEeHUA NpU pasfnnyYHbIX anroputMmax pe-
rynmpoBaHns obopyaoBaHMsA cuctem obecrneyeHns MUKpoKnMara sBnseTcs aktyanbHbiM. Llenb nccnegosaHns — nomck
NPUBNKEHHON aHanUTUYECKOW 3aBWCMMOCTU TeMMnepaTypbl BO3[yxa OT BPEMEHW B KOHAULMOHUPYEMbIX MOMELLEHUSX
npu ckaykoobpasHOM TemnrnoBOM BO3OENCTBUM M KOMOVMHMPOBAHHOM MPOMOPLMOHANbHO-MHTErpanbHOM perynmpoBaHnm
LieHTpanbHbIX KMMMaTU4YEeCKMX CUCTEM MPU OTCYTCTBMU MECTHbIX arperaToB A5 OTONMeHWs — oxnaxaeHus. B kavyecTse Ha-
YYHOW rMnoTesbl BbIABUraeTCH MOMNOXeHNe O BO3MOXHOCTU BblpaXXeHVS JaHHON 3aBUCUMOCTY Yepes yXe NoryYeHHble aBTo-
pom chopMyIbl ANS MHTErpanbHOro PErynnpoBaHns C UCMOSIb30BaHNEM MOMPaBOYHbIX KOAPMULIMEHTOB.

Matepuanbl u metopbl. Vcnonb3yetca ocHOBHOe AnddepeHumanbHoe ypaBHeHue Ans 6e3pa3MepHolr M3ObITOYHOM
TeMneparypbl B MOMELLEHU, BKIoYatoLlee Hanbornee CyLeCTBEHHbIE COCTaBMSOLME TENMOBOro NOTOKa, Npu yyeTe 0co-
6eHHOCTeN pacnpocTpaHeHVs TeMnepaTypHOM BOMHbI B MaCCHBHbIX OFPaXAEeHUsiX B HavanbHbI nepviod Bpemenu. lMpu-
MEHSATCA METOAbI NMMHeapu3aumm u Marnoro napameTpa AN aCUMNTOTUYECKUX aHANMUTUYECKUX PELLEHUIA, a TakKe MeTOof,
PyHre — KyTTbl AN HaxoXAeHUS YUCIIEHHOTO PeLUEeHNS.

Pesynbrathbl. [lonyyeHbl BolpaXeHWs Ans MakcMMarnbHOro OTKITOHEHUS TeMMNepaTypbl BO3AyXxa OT YCTaBKU U AN BPEMEHU
€ro AOCTUXKEHMS B 3aBUCUMOCTU OT BEMUYMNHbBI TEMIOM3ObITKOB 1 XapaKTePUCTMK COBCTBEHHOW TEMOYCTONYMBOCTU MOMe-
LLIeHUS, @ TaKke OT MapameTpoB perynupoBaHusi, B TOM Y1CIlie aCUMNTOTUYECKME NPU MarnblX MOMEHTax BPEMEHU C Havana
TEMMOBOro BO3MYLLEHNS 1 HeOOMbLLOW AoMe NMPONOpLMOHAanbHOM CocTaBnsatoLLen KoHTponnepa. [peacrasneHo conocras-
rieHvie pesynbTaToB YNCIIEHHOMO MHTErPUPOBaHNS OCHOBHOIO AnddepeHLManbHOro ypaBHeHUs C yka3aHHbIMW acUMNTOTU-
YECKMMU peLLeHVAMMU.

BbiBoabl. [Toka3aHo, YTO acCUMNTOTMYECKUE BbIPAXEHUS NS AMHAMUYECKON OLLUMOKM perynmpoBaHUsa U BpEMEHU ee [0-
CTUXKEHUS NONyYalTCsa U3 HaAeHHbIX paHee aBTopoM hopMyIn Ans YNCTO MHTErpanbHOro perynupoBaHns BBEAEHWEM NO-
NpPaBOYHbIX MHOXUWTENEN, coaepX)aluux 6e3pa3MepHbI napameTp, XxapaKTepUsyoLmiA COOTHOLLEHME NPONOPLIMOHaNbHOM
N MHTErpanbHON KOMMOHEHT KOHTporiepa. 3T COOTHOLLEHWS NOATBEPXAAITCA CPaBHEHNEM Pa3HbIX BAPUAHTOB aHanmMUTK-
YeCKMX peLLeHUi, UMEIT AOCTAaTOYHO YHMBEPCarnbHbI BUA, TPEOYOT MUHUMAanbHOIO Y1cna NCXOAHbBIX AaHHbIX U AOCTYMHbI
ONS UHXXEHEPHOW NPaKTUKu.
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ABSTRACT

Introduction. Further development of methods for calculating the thermal regime of premises under different algorithms
of regulating the equipment of microclimate systems is still relevant. The aim of the research is to find an approximate
analytical dependence of air temperature on time in air-conditioned rooms with a jump-like thermal effect and combined
proportional-integral regulation of central climate systems in the absence of local heating and cooling units. As a scientific
hypothesis, the position is put forward on the possibility of expressing this dependence through formulas for integral regula-
tion already obtained by the author using correction coefficients.
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Materials and methods. The basic differential equation for the dimensionless excess temperature in the room, including
the most significant components of the heat flux, is used, while taking into account the peculiarities of the temperature wave
propagation in massive enclosures in the initial period of time. Linearization and small parameter methods are used for as-
ymptotic analytical solutions, as well as well as Runge — Kutta method for finding a numerical solution.

Results. Expressions for the maximum deviation of the air temperature from the setpoint and for the time it is reached,
depending on the magnitude of the heat surpluses and the characteristics of the room’s own thermal stability, as well as
well as on the control parameters, including asymptotic ones at small moments of time from the beginning of the thermal
disturbance and a small share of the proportional component of the controller, are obtained. A comparison of the results
of numerical integration of the basic differential equation with the indicated asymptotic solutions is presented.
Conclusions. It is shown that the asymptotic expressions for the dynamic control error and the time of its achievement are
obtained from formulas previously found by the author for purely integral control by introducing correction factors contain-
ing a dimensionless parameter characterising the ratio of the proportional and integral components of the controller. These
correlations are confirmed by comparing different variants of analytical solutions, have a fairly universal appearance, require
a minimum number of source data and are available for engineering practice.
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BBEJIEHUE

ABTOMaTHYECKOE PETYJIMPOBAHUE TEIIOMACCO00-
MEHHOTO 000pY/I0BaHHSI TIPUTOYHBIX BEHTHIISIIUMOHHBIX
YCTaHOBOK, OCOOCHHO BBITTONHAIOMUX (PyHKIINN KOH-
JUIIMOHUPOBAHUS BO3yXa, BaXKHO UL IOAJACPIKAHUSA
TpeOyeMOil COBOKYITHOCTH IapaMeTpOB BHYTpPECHHE-
0 MHUKPOKJIMMAaTa ¢ Leibio obecrnedeHns KoMpopT-
HOCTH M 0€30MaCHOCTH KM3HEACSITEIbHOCTH YeJIO-
BEKa M pealM3aliy OCYIIECCTBISIEMbIX B IOMEIICHUN
TEXHOJIOTUYECKUX 3a/ad. J{JIs1 OIEHKH MPOUCXOIAIINX
IIPY 3TOM TEIUIOBBIX MPOIIECCOB, KaK IPaBHIIO, TPEOy-
€TCs COCTABJICHHUE U PEIICHHE CHCTEM aareOpandecKux
n nuddepeHnaIbHBIX ypaBHEHUH, yUUTHIBAIOIINX
KOHBEKTUBHBIH, a IPH HEOOXOAMMOCTH H JIyYHCTBIHN Te-
TUI00OMEH Ha MOBEPXHOCTSIX OrPakKACHUN M HECTAIHO-
HapHYIO TETUIONEPeady B MACCHBHBIX OI'PakJarOIINX
KoHCTpyKUusix. CliesyeT TakKe MCI0JIb30BaTh ypaB-
HEHHE CBS3HM MEXJy KOHTPOJIMPYEMOH TeMIepaTrypon
BHYTPEHHETO0 BO31yXa W KOMIIEHCAIMOHHBIM TETLIO-
BBIM BO3JICHCTBUEM CO CTOPOHBI 0OCITYKUBAIOLIHX I10-
MEIEHHE KIMMaTHYEeCKHX crcTeM. Bee aTo mpuBoauT
K IpeoOnaJjaHuio YUCICHHBIX METOOB ISl PEHICHUS
paccmarpuBaeMoi 3aa41 1, KaK CJIEICTBHE, K OTHOCH-
TEJIHOH CJIOKHOCTH ITOTy9aeMbIX PE3yIbTaTOB U TPY/-
HOCTH WX IPUMEHEHUS B MH)KEHEpHOH mpakTuke [ 1-5].

Hexotopsie padoThl [6—8] pemiaroT aHaIOTHYHBIC
BOIIPOCHI B YCIIOBUSIX TIEPEMEHHBIX U aBapUHHBIX pe-
KMMOB TI0JJa4H TETJIOTHI, CBA3aHHBIX C PabOTOH cHCTEM
TEIUIOCHAOKEHHUSI, HO M 3/I€Ch Yallle BCETro UX Pe3yJib-
TaThl 3aTPYJHUTEIBHO PEalin30BaTh B MH)KEHEPHBIX
pacuerax. [Tyonukaruu [9—14] kacatorcs mpeumytie-
CTBEHHO IPOLIECCOB B OT/EIbHBIX dJIEMEHTaxX oOIien
CUCTEMBI ITOJePKaHUSI MUKPOKJINMATa MTOMEIICHHS,
0COOEHHO TEIUIONEPEIaul U BO3AYXONPOHUIIAEMOCTH
OTrpaKJAOIINUX KOHCTPYKLUMA, HO U B 3TOM CJly4ae Mpu-
MEHSIOTCSI TJIABHBIM 00pa30M YHCIICHHBIE METO/IBI C CO-
OTBETCTBYIOIIEH (OPMON TPENCTABICHUS pEIICHUN
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1 MaJIbIM yI[O6CTBOM HX UCIOJIB30BaHUA, KPOME TOTO,
IIPU PELICHUH COOTBETCTBYIOUINX YPABHEHUH OOBIYHO
B SIBHOM BHUJI€ HE YUHUTBIBACTCSA aBTOMATHUECKOE PETy-
JMPOBAaHHUE MOJa4H TETIIOTHI MJIM X0JIOAA B TIOMEIIICHHE.
CymecTByIOT M SKCIIEpUMEHTaIbHBIe paboThl [15],
HO IOJIy4eHHBbIE B HUX JaHHBIE OTHOCSTCSI TOJBKO
K OTPaHUYEHHOMY KPYI'y OOBEKTOB, aHAJOTMYHBIX HC-
CJICAOBAHHBIM. B HEKOTOPLIX ClIydasix B JOIMOJHCHUEC
K (PM3MKO-MaTeMaTHYECKUM HCIIOJIB3YIOTCSI U SKOHO-
MHUYECKHE METOJbI JIIsl 00OCHOBAHUS JOCTHTAEMBIX
pe3ynbTaroB [16], HO U ToTa pemeHne MMEET YaCTHBINA
XapakTep ¥ He 00001maeTcs Ha JPpyTrue BapHaHThL.

[TosToMy B KauecTBe MpeMeTa NCCIIeI0BaHHs B ITpe-
JularaeMoi pabore Mbl OyZeM paccMarpHBarh CIIOCOOBI
WHXEHEPHO! OLIEHKU M3MEHEHUsI TEMITEPaTyphl BO3LyXa
B ITIOMCIICHWH, O6Cﬂy)KI/lBaeMOM ABTOMATU3HUPOBAHHBIMU
HCHTPAJbHBIMU KIIMMAaTHYCCKUMU CUCTEMaMM IIpU pas-
JIMYHBIX COYETAHUAX IIPUMEHSIEMBIX aJITOPUTMOB YIIPaB-
JICHWS 1 THIIOBOM OJJHOKPATHOM TEIJIOBOM BO3JCHCTBHN.

Lenp mccnenoBaHuss — IMOUCK MPUOIMKEHHON
AQHATMTHYECKON 3aBUCHMOCTH OT BPEMEHH AJIsl JaHHON
TEMIIepaTypsl B Ha4YaJIbHBIH NEPUOJ MTOCIIE TETIOBOTO
BO3MYIICHUSI.

B paborax [17-20], a Taxxe HEKOTOPBIX JIPYTHX,
aBTOPOM OBLI MTPEJCTABJICH pacyeT HeCTAlMOHAPHOTO
TEIUIOBOTO PEXXHUMa JUIsl IPEJENIbHBIX CIy4aeB, KOraa
ucronb3yerca aubo mpornopruoHaidsHoe (I1), mmbdo
uaTerpansHoe (M) perymupoBanne. Takoe paznensHOe
HCCJIEZIOBAHUE OTYACTH OOBSICHAETCS COOTBETCTBYIO-
MM YHIPOIIEHNUEM IOCTAHOBKH 3a/1auM U, CJIEJ0Ba-
TEJIbHO, MOJIYYaeMBbIX PEIICHHH, HO MOXXHO OTMETHUTH,
YTO IPH STOM OBLIM JIOCTUTHYTHI HEKOTOpBIE 00IIUE pe-
3YJIBTaThbl, KOTOPbIE MOT'YT IIOCIIYKUTh OCHOBOM /IS J1a-
JIbHEHIIIEr0 COBEPIIEHCTBOBAHUS PACUETHON MOJIEIH.
CrenoBarenbHO, IPOIOIKATH CCIIENOBAHNS B TAHHON
cthepe IS MOIYYICHUST COOTHOIICHHUH, KOTOPBIE OYyayT
JIOCTAaTOYHO TOYHBIMH U YUUTHIBATh OCHOBHBIE Han00-
Jiee CyIIEeCTBEHHbIE Il 3a4a4i (hakTOpbI, HO TIPH 3TOM
COXPAaHSATh BUJ, JOCTYIHBIN JJIsl HH)KEHEPHOH MPaKTH-
KH, 1O CHX TIOP OKa3bIBAETCS aKTyaIbHBIM.
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MATEPHAJIBI U METO/JbI

PaccmoTpum Gosee CroXKHBIN BapHaHT, KOI/IA IIPO-
W3BOAMTCS] KOMOMHHPOBAHHOE PErYJIMPOBAHUE T10 ITPO-
noprroHabHO-nHTErpagbHoMy (IT1) 3akony. OHO sB-
nsiercs OoJiee YHUBEPCAIBHBIM M Yallle CHOIb3YeTCs
Ha IPaKTHKE, HECMOTPS Ha HEKOTOPOE YCIOXKHEHUE
CHUCTEMBI, IMTOCKOJIbKY HaJHUYUE JIByX COCTaBISIOLINX
KOHTPOJUIEpA MTO3BOJIECT BBINOJIHATE 0OJIEE TOYHYIO
HAcTpPOWKY M cOYeTaTb HEKOTOphle nmpenmyiecTna I1-
n U-perynupoBaHus, B 4aCTHOCTH, OTHOCUTEIBHOE
opicTponeiicTBre I1- 1 HyneByIo cTaTH4ecKylo OIIMOKY
W-xoHTpOsUIEpOB, OIHOBPEMEHHO B TOW UJIM UHOU CTeE-
TIeHN KOMIICHCUPYS X HEIOCTaTKH.

MoXHO MoKa3aTh, 4TO OCHOBHOE nupdepeHIn-
aJbHOE ypaBHEHHE, ONMCHIBAIONIEE ITOBEIEHIE H30bI-
TOYHOH BHyTpeHHel Temneparypbl 0 =1 —¢ , K, re
t,, — KOHTPOIMPYEMBIH yPOBEHb TEMIIEPATYPBI BHY-
TPEHHETO Bo3/yXa ¢, °C, WK Tak Ha3bIBaeMast yCTaBKa,
MPU CKAaYKOOOPa3HOM M3MEHEHUH TEIUIONOCTYIIICHU,
OTCYTCTBUHU MECTHBIX CHCTEM OTOIUICHHS—OXJIaXKIe-
Hus 1 npu [TM-peryaupoBaHuy TEMIOMacCOOOMEHHOTO
000pyIOBaHUS [IEHTPAIBHON CHCTEMBI KOHANIIHOHNUPO-
BaHHWd BO3AyXa, BblHOﬂHﬂlOHleﬁ OJHOBPEMEHHO M BCH-
TUJISAIHOHHBIC PYHKIINH, B Oe3pa3MepHOM BHUIC 3aITH-
CBIBAa€TCS CIIEAYIOIUM 00pa3oM:

2
9x2x{+[12+3]<x1/3]%+[1+%:|f:0' (1)

Jannas Gopma siBsieTcst AajbHEHIITUM pa3BUTHEM
MIpeCTaBICHHON B paboTe [17] mpu MOMOIHUTEIEHOM
yuere [I-cocTaBmstonieil KoHTposiepa. 3aech HCKoMast
(yHKIHUA f{X) COOTBETCTBYET IPEICTABICHUIO PEIIICHHS
B BuJe [17]:

B

20,7
6, ===/ (%), )

9TO HEOOXOMUMO CIEITATh ISl BBIICTCHHST 0COOEHHOCTH
ypaBHenus npu T = 0, rae QO  — BEJIMYMHA CKauKa
TEIJIONOCTYIIJIEHUI B nomelleHue, BT; T — unTep-
BaJI BPEMEHH ¢ MOMEHTA TEIUIOBOTO BO3MYILCHHS, C;
B, Br:¢?/K — xapakrepucTuka COOCTBEHHOU TEILIO-
YCTOIYMBOCTH ITOMELIECHHS, BBIYUCIIIEMas o hopmyle
[18-20]:

B=2[4,\kep ], 3)

1€ A, — TUIOIMAIb Ka¥KJI0TO U3 NEPEUHCIIEHHBIX OTpax-
JeHUit, M* A, ¢ U p — COOTBETCTBEHHO TEILIONPOBO-
nHOCTh, BT/(M°K); ynensHast Teroemkocts, J[x/(xr-K),
U IUIOTHOCTh MaTepuaia clos i-ii MaCCHBHOM Orpaskyia-
FOIIeH KOHCTPYKIMU (HAPYXKHBIX M BHYTPCHHHUX CTCH,
HEePEKPBITUIA, IEPETOPOIOK), 0OPAIIEHHONW BHYTPb I10-
MEIIICHHSI.
BespasmepHsrii aprymenT ypaBHeHus (1):

x =4D1%?,
G, K

e D = w ¢32[19, 20].

s

Koaddumuent K npeacrasiser coboit 00001eH-
HBIH Oe3pasMepHBIil TapaMeTp aBTOMAaTH3UPOBAHHOM

KJINMAaTH4YeCKOH cucTeMbl. OH MOET OBITH BBIUMCIICH
10 BBIPAKEHUIO:

4)

TJIE, @ TAKKe B apameTpax ypasHenus (1), G — macco-
BBIIl pacxo/] IPUTOYHOIO BO3/IyXa, KI/4, KOTOPBIA OOBIMHO
CYMTACTCS PABHBIM PACXONY BBITAKKH G, TaK KaK BO3-
JYIIHBIH OajaHC MOMEIICHNS, B OTIIMYHE OT TEIIOBOTO,
MPAKTUYECKH TOYHO ObIBAET MTHOBEHHO-CTAIIMOHAPHbIM;
¢, — yZAeJbHas MaccoBas TEMIOEMKOCTh BO3/yXa, paBHas
1,005 x/lx/(xkr-K); K, — SKBUBAJIEHTHBIH KO3((HIIHEHT
nepeadu UHTETPAIbHOM COCTABISIONICH aBTOMAaTH3H-
POBAHHOI CHCTEMBI, ¢, TI0 KaHaly «0 — Hpou3BonHas
ot pasHoctu 0 — 0 », K — To 3Ke I MPOnopIHOHAITb-
HOH cocTaBIsrommed mo kanany «0, — pasHocts 0 — 0 »
(Gespasm.), tne 0 = ¢ — ¢ — W30OBITOYHAS TEMIIEpATypa

npuroka, K; mapamerp C = % [18-20].

B kagecTBe HaYaIBHBIX YCIOBHUIA 171 BeIpaskeHus (1),
oueBH/IHO, HykHO niprHUMaTh f(0) = 1, df(0)/dx=1/12[17].
SlcHo, uTO pemenue ypasHeHus (1) maer yHuBepcalb-
HYIO 3aBHCHMOCTb, KOTOpasi MPUMEHUMA JUIS JTFOOBIX
00beKTOB U ycnoBui. OHAKO, KaK U JJIS CIydas YHCTO
MHTETPAJIBHOTO PEryYJIMPOBAHMS, 11€1€C000pa3HO MoIy-
YUTh aHAIUTUYECKHE COOTHOUICHUS JUIsI HanOOJIbIIIe-
TO OTKJIOHEHHSI TEMIEpPaTypbl BHYTPEHHETO BO3IyXa
OT YCTaBKH, T.€. TMHAMHYECKOH OIMOKH PEeTyTUPOBAHHS
0 W MOMEHTa BPEMEHH, JUIS KOTOPOTO 3TO OTKJIOHEHHE
Oynet mmeTh MecTo. [TockonbKy Hac HHTEPECYIOT B Mep-
BYIO OYepe/lb YHUBEPCAIIbHBIE 3aBUCUMOCTH, Oy/ieM Hc-
KaTh MX B 6€3pa3MepHOM BHJIe Ha OCHOBE aHAJIN3a ypaB-
nenus (1). Jlng npenenshoro BapuanTa K, = 0 B paborax
[18-20] 65110 MMONTY9EHO 3HAYeHwe X, = 3,48, npu Ko-
TOpoM mpousBesieHne x*f(x), naromiee HaM yIeIbHYO
0,..B8(4D)"

20 00
myM. Hcxozst n3 cTpykTypsl hopmyist (1), MOXKHO cuu-
TaTh JJAHHOE 3HAYEHUE OMOPHBIM, U Tipn K| # 0 BBECTH
K HEMY COOTBETCTBYIOIMINI MOMPaBOYHBINH MHOXKUTEIb,
YUUTHIBAIOLIUHN MOSBIEHUE TIPOMOPIMOHAIBHON COCTaB-
JSIOIIEH peryasTopa.

0e3pa3MepHYI0 BEITUIHHY , IMECT MaKCH-

PE3YJIBTATHI UCCJIEJOBAHUA

Ecnu paccmarpuBath Belpaxenue (1) mmas ma-
JIBIX MOMEHTOB BPEMEHH, MOXKHO 3aMETUTh, YTO Tep-
BBIM CJIaraeéMbIM MOXKHO OyJeT npeHeOpeyb, U MBI 110-
Jy4aeM ypaBHEHHE 1-To mopsijika ¢ pa3aelsiomnMHucs
NepeMeHHbIMH. B 3TOM ciydae ero peunienue Oyner
npezcrasumo B Buge flx) = exp(—f,(x)), u Torxa, ove-
BHJIHO, JUIS X = X, TIOJTy4aeM:

d|:x”?f(x):| 1 df
T:x1/3exp|:—ﬁ(x)](§—d—;J=0, (5)
rae u3 Gopmynst (1) Haxoanm:
df 1+ K" (6)
de 12+ 3K
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max

3,5

2,5

K

Puc. 1. 3aBucUMOCTb X, OT KOMILIEKCHOTO Oe3pa3MepHOro mapamerpa K: TOUKH — PacyeT; CIUIONIHAS IMHUS — arNpOKCH-
Marts o gopmyre (8)

173
X fl;mx

1,2

*eq,
0,6 Oo.ooooo.....
Ceea,

0,5

K

Puic. 2. 3aBHCHMOCTB MTPOU3BEACHUS X *f{xX) OT KOMILIEKCHOTO Ge3pa3MepHOro mapameTpa K: TOYKH — pacyeT; CIUIOIHAS JIH-
HUS — anmnpokcumanus o gopmyne (9)
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CrnenoBaTenbHO, B IEPBOM MPHOMIKEHUH X OY-
max
JIET SIBISITHCS PEIICHUEM YPaBHEHUSI:

44+ Kx'"?
x:1+Kx71/3' (7)

MOKHO TIOKa3aTh, YTO TIPY MaJIbIX X OTCIO/IA CIISYET,
yrox  =x_  (1-0233K), rne 0,233 = (47 — 1)/4*°.
Ha puc. 1 Toukamu rnoxasana 3aBUCUMOCTb JUISL X, , TIO-
Jydaemasi IIpy HEeTIOCPEICTBEHHOM YHCIICHHOM PEIICHUH
ypasHenus (1) meronom Pynre — Kyrtel. Anropurm nowuc-
Ka ObLT OCHOBaH Ha CPaBHEHUH BEUUMHBI x'3f(x) m1st Te-
KyIIEeTo 3HAYCHHUS X C IPEIBIIYIINAM TIpH (X — h), TIe h —
BBIOpaHHBIH ar MeTona. Ilpu 5Tom 3a X, MPHHMMAIOCH
TO X, IPU KOTOPOM BIIEPBBIC OKA3bIBATIOCH, YTO X'*f(x)
JUTSL CIIEMYFOILETO IT1ara, T.e. IPH (X + /), HIbKe, 9eM IIpH X.

CrutonrHast TMHUS TIOCTPOEHA TI0 CIIETYIOMIeH ar-
MIPOKCUMHUPYIOLLEH hopmye:

1-0,233K +0,062K>
1+0,288K ’

KXinax = Ximax.0 ( (8)
rae 0,288 = 413(4'3 — 1/2)/6 — uucnosoii k03ddu-
IIUCHT, BBISBIISIEMBIN JTOMOJHUTEIbHBIM aHaTu30M (1)
u (7), a 0,062 momyygaercs mogdopoM.

Ha puc. 2 Toukamu npeacTaBiIeHo MOBEAESHHE MTPo-
u3BeneHus X' *f(X) 10 TaHHBIM TeX K€ BHIYUCIEHHU.

st cITOIIHOM JIMHUM MCIIOJIb3YETCsl alllIPOKCH-
Manusi B CIIEyIONIeM BHUIE:

1(1-0,155K +0,041K>
1/3 :17 s s . 9
IR e s

B nanaom coornomenuu 0,144 = 0,288/2; 0,155 =
=(2/3)-0,233; 0,041 =(2/3) - 0,062. Torma, B cooTBeT-
CTBHUH C BbIpaXKECHUEM (5) U MPHUHSATHIM BBIPAKCHUEM
JUISL X, OKa3bIBACTCSL:

20000 [

emax =——"0 X f X N 10

B(4D)1/3 [ ( ):|max ( )

Buano, uro npu maneix K (mpumepHo 1o 2,5) co-

BITAJICHHE KPUBBIX Ha 000MX PUCYHKAX JEHCTBUTEIHFHO
OYCHB XOPOIIICE.

SAKJIIOYUEHHUE U OBCYXAEHUE

Ha ocnoBanun PE3YILTAaTOB UCCIICAOBAHMA B IICJIOM
TIOATBEPKAACTCA UCXOAHAA TUIIOTE3a O TOM, UYTO 3aBU-

CUMOCTH OT BPEMEHH ISl U30BITOUHOM TeMIepaTypsl
BHYTPEHHETO BO3/lyXa B ITOMEIICHUH IPH KOMOMHUPO-
BaHHBIX TPOMOPIMOHATBHO-MHTETPaJIbHBIX AJITOPUTMaX
YOpaBJICHUS TETNIOMAacCOOOMEHHBIM 00OpYIOBaHHEM
[EHTPAIBHBIX CUCTEM KOHIUIIMOHMPOBAHUS BO3/1yXa
JIEHCTBUTEIILHO MOKHO BBIPA3UTh Yepe3 paHee Moily-
YeHHBIE aBTOpOM B pabdotax [18-20] dpopmymsr amst uu-
CTO MHTEIPaJIbHOTO PETYIMPOBAHMS C UCIIOIB30BAHUEM
MOMPaBOYHBIX Kod(puimenTos. Kpome TOro, Mo>xHO
Clienarh CIEYIONIHE TOMOTHATEIbHBIE BBIBOJIBI:

* ¢ poctoMm Il-cocraBnsrorieit KOHTposIepa BeJu-
YMHA X, COOTBETCTBYIOIIAs MOMEHTY BPEMEHH, ISl KO-
TOPOTO HAOJFOMASTCSl HAHOOJIBIIIEE OTKIIOHEHNE TEMIIepa-
TYpBI B IOMEIIEHUHU OT YCTaBKH, MOHOTOHHO CHHIKAeTCsl,
T.€. BBEJICHUE JAHHOW COCTaBJISIIOLICH NEHCTBUTEIIBHO
CIIOCOOCTBYET YMEHBIICHUIO BPEMEHH PETYITMPOBAHNS;

* MaKcHUMallbHasl IMHaMUYEeCKast OIIMOKa perysmpo-
BaHUsI, IPOIOPIMOHANILHAS TIPOU3BENEHHMIO X' *f(x), Tak-
K€ MOHOTOHHO TIafIaeT ¢ ycuieHueM II-cocrasistomeit
KOHTpOJLIEpa, TIPUYEM IPU MAJIBIX 3HAUCHHSIX Oe3pa3Mep-
HOTO napameTpa K, XapakKTepHU3yIOILEro OTHOCUTEIbHBIN
Bec [1-cocraBnsromnieli, Takoe CHIKCHHUE, KaK U B CIIydae
C Xmax, JUHEHHO 3aBUCUT OT BEIMUUHBI K;

* yka3aHHbBIC (P(PEKTH MOKHO OOBSICHUTH OOIITH-
MU cBoiicTBamu [I-perynsTopoB, B IIepByI0 odepenb
ux Gojee BEICOKUM OBICTPOJCHCTBHEM 110 OTHOIICHUIO
K Ucrnonb3ylomuM M-3akoH, a Takke MOBBIIICHHON
YCTOWYMBOCTBIO COOTBETCTBYIOIIMX aBTOMaTH3UPOBaH-
HBIX CUCTEM. [IpH 3TOM MpeaCcTaBICHHBIN pacueT Oyaer
JIOCTATOYHO MPOCTHIM M JJOCTYIHBIM JUISl HH>KCHEPHOU
MPaKTUKKU ¥ TpeOyeT MUHUMAJIbHOTO KOJIMYEeCTBA UC-
XOJHBIX JTAaHHBIX.

JanpHelinnee pa3BUTHE TPEIIaracMoro UCCles1o-
BaHHUA MOXXHO OCYHICCTBJIATH B obactu YTOYHCHHUA 110~
JYYECHHBIX allPOKCUMAIMOHHBIX BBIPAXKECHUH JUIS 110-
MPAaBOYHBIX MHOXHTEJICH K BEJITMUYNHE AMHAMUYECKOU
OIIMOKH PETYIUPOBAHUS U K MOMEHTY MaKCHMAalIbHOTO
OTKJIOHEHUS TEMIIEPaTyphl B OTHOIICHUN PACIIUPEHHS
JMara3oHa 3HaueHui napametpa K, AJis KOTOPOTo JaH-
HBIE BBIPAKCHUS OyayT CIpaBEUIMBBI, IIyTEM ydeTa
OO0ITBIIIETO YKCTIA YICHOB B AaCHMIITOTHYECKUX Pa3io-
KCHUAX 3aBPICPIMOCTeﬁ, MMOJTy4Ya€MbIX YUCJICHHBIM ME-
TOJIOM, W TIPH BO3MOXKHOCTH 32 CUET CONOCTABICHUS
C pe3yJbTaraMy HaTypHBIX 3aMEpOB.
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INTRODUCTION

Automatic regulation of heat and mass exchange
equipment of supply air handling units, especially those
performing air conditioning functions, is important for
maintaining the required set of internal microclimate
parameters in order to ensure comfort and safety of hu-
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man life and realization of technological tasks carried
out in the room. For estimation of thermal processes oc-
curring in this case, as a rule, it is necessary to compose
and solve systems of algebraic and differential equa-
tions, taking into account convective and, if necessary,
radiant heat exchange on the surfaces of enclosures and
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unsteady heat transfer in massive enclosing structures.
It is also necessary to use the equation of the relation-
ship between the controlled indoor air temperature and
the compensatory thermal effect of the climate systems
serving the room. All this leads to the predominance
of numerical methods for solving the problem under
consideration and, as a consequence, to the relative
complexity of the results obtained and the difficulty
of their application in engineering practice [1-5].

Some works [6—8] address similar issues in con-
ditions of variable and emergency modes of heat sup-
ply associated with the operation of heat supply sys-
tems, but even here their results are often difficult to
implement in engineering calculations. Publications
[9-14] concern mainly processes in separate elements
of the general system of maintaining microclimate
of aroom, especially heat transfer and air perme-
ability of enclosing structures, but even in this case
mainly numerical methods are applied with the corre-
sponding form of solution presentation and little con-
venience of their use, besides, automatic regulation
of heat or cold supply to a room is usually not taken
into account explicitly when solving the corresponding
equations. There are also experimental works [15], but
the data obtained in them refer only to a limited range
of objects similar to those studied. In some cases, in ad-
dition to physical and mathematical methods, economic
methods are used to justify the achieved results [16],
but even then, the solution has a private character and
is not generalized to other options.

Therefore, as a subject of research in the proposed
work we will consider the methods of engineering esti-
mation of air temperature change in the room served by
automated central climate systems at various combina-
tions of applied control algorithms and typical single
thermal impact.

The aim of the study is to find an approximate
analytical time dependence for a given temperature in
the initial period after thermal perturbation.

In [17-20], as well as some others, the author pre-
sented the calculation of the unsteady thermal regime
for the limiting cases when either proportional (P) or in-
tegral (I) control is used. This separate study is partly
due to the corresponding simplification of the problem
formulation and, consequently, of the obtained solu-
tions, but it can be noted that some general results have
been achieved, which can serve as a basis for further
improvement of the computational model. Consequent-
ly, it is still relevant to continue research in this area
to obtain relations that will be sufficiently accurate and
take into account the main most significant factors for
the problem, but at the same time retain a form acces-
sible for engineering practice.

MATERIALS AND METHODS

Let us consider a more complex option, when
combined regulation is carried out according to the pro-
portional-integral (PI) law. It is more universal and is

more often used in practice, despite some complication
of the system, because the presence of two components
of the controller allows to perform more accurate ad-
justment and combine some advantages of P- and I-reg-
ulation, in particular, the relative speed of P- and zero
static error of I-controllers, while compensating their
disadvantages to a greater or lesser extent.

It can be shown that the basic differential equa-
tion describing the behaviour of the excess internal
temperature 0, = ¢, — ¢, K, where ¢, / — controlled
level of the internal air temperature ¢, , °C, or the so-
called set point, in case of a sudden change in heat in-
put, in the absence of local heating-cooling systems and
with PI control of heat and mass exchange equipment
of the central air-conditioning system, which simultane-
ously performs ventilation functions, is written in di-
mensionless form as follows:

d’ d K
9x dx{+[12+3]g1/3]£+[1+W}f:0' €))

This form is a further development of the one pre-

sented in [17] with additional consideration of the P-
component of the controller. Here the sought function
f(x) corresponds to the solution representation in the form
[17]:

=20l iy, )
that it is necessary to do for singling out the feature
of the equation at T =0, where (O is the value of the jump
of heat inputs into the room, W; 1 is the time interval from
the moment of thermal perturbation, ¢; B, W-s'?/K is
the characteristic of own heat resistance of the room, cal-
culated by the formula [18-20]:

B:Z[Am kcpl, (3)
where A — area of each of the listed enclosures, m*; A,
¢ and p — respectively thermal conductivity, W/(m-K);
specific heat capacity, J/(kg-K), and material density
of the layer of the i-th massive enclosing structure (ex-
ternal and internal walls, floors, partitions) facing inside
the room.

The dimensionless argument of equation (1):

x =4D7"?,
Gce K

where p = Zs=ain 32119 20].
3.68
The coefficient K is a generalized dimensionless
parameter of the automated climate system. It can be
calculated according to the expression:

2
K:Lm:](izi(Gscaj , (4)
(4D) K, \3.6B

where, as well as in the parameters of equation (1), G, —
mass flow rate of supply air, kg/h, which is usually con-
sidered equal to the exhaust flow rate G, since the air
balance of the room, unlike the thermal one, is almost

exactly instantaneous-stationary; ¢, — specific mass
heat capacity of air, equal to 1.005 kJ/(kg-K); K. —

int
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equivalent transfer coefficient of the integral compo-
nent of the automated system, s™!, on the channel “0,, —
derivative of the difference 0, — 0, ”, K, — the same for
the proportional component on the channel “0, — dif-
ference 0, — 0, (without size.), where 0, = ¢ — ¢ is

in.0

. K.
the excess inflow temperature, K; parameter C :%

3.6B
[18-20].

As initial conditions for expression (1), obvious-
ly, we should take f{0) = 1, df(0)/dx = 1/12 [17]. It is
clear that the solution of equation (1) gives a universal
dependence, which is applicable for any objects and
conditions. However, as in the case of purely integral
regulation, it is expedient to obtain analytical relations
for the largest deviation of the internal air temperature
from the set point, i.e., the dynamic regulation error 0_
and the moment of time for which this deviation will
occur. Since we are primarily interested in universal de-
pendences, we will look for them in dimensionless form
based on the analysis of equation (1). For the limiting
variant K, = 0, the value x = 3.48 was obtained in
[18-20], at which the product x*f(x), which gives us

1/3
the specific dimensionless quantity w

input
a maximum. Based on the structure of formula (1), we
can consider this value as a reference value, and at K. # 0,
we introduce an appropriate correction factor to it, tak-
ing into account the appearance of the proportional
component of the regulator.

has

H

X
‘max

35

2.5

1.5

RESEARCH RESULTS

If we consider expression (1) for small moments
of time, we can see that the first summand can be ne-
glected and we obtain a 1st order equation with sepa-
rating variables. In this case, its solution will be repre-
sented as f{x) = exp(-f,(x)), and then, obviously, for x =
=x__ we obtain:

d[xl/zf(x)] :xmexp[—fl (x)][i_ﬁj:(), %)

dx 3x  dx
where from formula (1) we find:
%_ 1+Kx—1/3
dv 12+3Kx" ©)

Hence, to a first approximation, x__ will be a solu-
tion to the equation:

44+ Kx'?
Tl ™

It can be shown that for small x it follows that
x, . =x_ o (1-0.233K), where 0.233 = (47 — 1)/4*".
In Fig. 1, the dots show the dependence for x__ , ob-
tained by direct numerical solution of equation (1)
using the Runge — Kutta method mentioned above.
The search algorithm was based on the comparison
of the value of x'*f(x) for the current value of x with
the previous one at (x — /), where # — the chosen step
of the method. At the same time, xmax was taken as x
at which it was first found that x'3f{x) for the next step,
i.e. at (x + /), was lower than at x.

3 4 5 6
K

Fig. 1. Dependence of x_ on the complex dimensionless parameter K: dots — calculation; solid line — approximation

by formula (8)
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Fig. 2. Dependence of the product x'*f{(x) on the complex dimensionless parameter K: dots — calculation; solid line —

approximation by formula (9)

The solid line is plotted using the following ap-
proximating formula:

(1 ~0.233K + 0.062K2]
X, = xmaxO

i 1+0.288K ®)

where 0.288 = 4'3(4'3 — 1/2)/6 is the numerical coef-
ficient revealed by additional analyses (1) and (7), and
0.062 is obtained by fitting.

In Fig. 2, the dots represent the behaviour of the pro-
duct x'3f(x) according to the same calculations.

For the solid line, an approximation in the follow-
ing form is used:

1{1-0.155K +0.041K*
1/3 =1- )
[x / (x)lm 9[ 1+0.144K j ©)

In this ratio, 0.144 = 0.288/2; 0.155 = (2/3) - 0.233;
0.041 =(2/3) - 0.062. Then, according to expression (5)
and the adopted expression for x, it turns out:

6, - 2Q[npu/ |:xl/3f(x)Jmax'

B(4D)" (10)

It can be seen that for small K (up to about 2.5)
the curve matching in both figures is indeed very good.

CONCLUSION AND DISCUSSION

Based on the results of the study, the initial hypo-
thesis that the time dependence for the excess tempera-
ture of indoor air at combined proportional-integral
algorithms of control of heat and mass exchange equip-
ment of central air conditioning systems can indeed be

expressed through the formulas for purely integral con-
trol with the use of correction coefficients previously ob-
tained by the author in [18-20] is generally confirmed.
Moreover, the following additional conclusions can be
drawn:

* as the P-component of the controller increases,
the value x__, corresponding to the time moment for
which the largest deviation of the room temperature
from the setpoint is observed, monotonically decreases,
i.e. the introduction of this component really contributes
to the reduction of the control time;

¢ the maximum dynamic control error proportional
to the product x'3f{x) also monotonically decreases with
the amplification of the P-component of the controller,
and at small values of the dimensionless parameter K
characterizing the relative weight of the P-component,
such decrease, as in the case with x__, linearly depends
on the value of K

* these effects can be explained by the general
properties of P-regulators, first of all, their higher
speed in relation to those using the I-law, as well as by
the increased stability of the corresponding automated
systems. At the same time, the presented calculation
will be quite simple and accessible for engineering
practice and requires a minimum amount of initial data.

Further development of the proposed research can
be carried out in the field of refinement of the obtained
approximation expressions for correction multipliers
to the value of dynamic control error and to the mo-
ment of maximum temperature deviation with respect
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to the expansion of the range of values of parameter K,
for which these expressions will be valid, by taking into
account a larger number of terms in the asymptotic ex-

pansions of the dependences obtained by the numerical
method and, if possible, by comparison with the results
of field measurements
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