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JomycTUMBIi 110 YCJIOBUAM HAIPEBA MOMEHT
CHHXPOHHOI'0 YACTOTHO-PEryJIMPyeMoro ABUraTes
C IOCTOAHHBIMU MATrHUTAMM
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Pedepar. Perynupyemsie 31eKTpONpHUBO/bI IPOMBIIUIEHHBIX MEXaHU3MOB C MOCTOSTHHBIM CTaTH-
YECKIM MOMEHTOM MOTYT paboTaTh B MIMPOKOM JIHAMa30HEe W3MEHEHHUs] Harpy30K M CKOPOCTEH.
IIpu 3TOoM Ha 000 CKOPOCTH B 33JaHHOM JHAIa30HE OHU JOJDKHBI JUIUTENILHO paboTaTh C JOITy-
CTUMBIM MOMEHTOM, HE IIeperpeBasick. B GONBIINHCTBE CIIydacB SJIEKTPOABUTATENN BBITOIHSIIOT
CaMOBEHTHIIMPYEMBIMH, C PACIOJIOKEHHEM BEHTUIIATOPA Ha Bally 3JE€KTpoBUrartens. B stom ciy-
Yae OXJIAXKJICHHE JBUraTelsl 3aBHCHT OT €ro CKOPOCTH. JJIMTEIbHO NOMyCTHMBI MOMEHT 3IeK-
TPOJBHTaTelsl Ha 000 N3 CKOpOCTEl PH NaHHON HArpy3Ke ONPEAENSeTCS U3 yPaBHEHUsS TEILIO-
BOTO PAaBHOBECHS, I/Ie BBIIEISIEMBIE B IBUTATENIe BCE MOTEPH MOIIHOCTH, MpeBpaliaeMble B TEIIO-
Ty, HOJDKHBI OTBOJMUTBCS B OKpPYXAIOLIYI0 Cpeny, oOecneduBas AOIMYCTHMYIO TeMIIeparypy
H30JIIUH 0OMOTOK TIPH JaHHOM TeMIlepaType OKpyKaromel (oXIaxkIaromei) cpepl. Y paBHEHHE
TEIIOBOTO OalaHca COCTAaBIAETCS OOBIYHO ISl OJJHOMACCOBOM TEIIOBOH MOJENH AJIIEKTPOJBHIA-
TeJs, KOTOPOH MBI B 3TOW CTaThe BOCHOJIb30BaNUCh. Ho naske mpu oIHOMaccoBOil TEMIOBOH MO-
JIeN ToJlydaeM HeJMHEeHOe ypaBHEeHue TeIuioBoro OanaHca. UToObl MOIY4YHUTh NpHEMIIEMBIE 110
CJIOXKHOCTH aHAJTUTHYECKHE BBIPAKCHUS IS PAacdeToB, MPUXOANUTCS NPHMEHSITH 00OCHOBaHHEBIE
JIOMYIIEHUsI, 9TO TAKKe UCTIONB30BAHO B PacueTax aBTOPOB CTAThU. B pe3ynbrare ObUTH HOITydIeHBI
(bopMynbl, [0 KOTOPBIM MO>XHO HAaXOIUTh JUIUTEIBHO AOMYCTUMBI MOMEHT JABHUIATENs Kak (I)yHK—
LU0 OTHOCHUTEIBHON CKOPOCTH POTOpa IPHU JAHHOH TeMIlepaType OKpyXKarommen cpeast. [ npu-
BOJIMIMBIX TIPIMEPOB MPHHSIIH JBa 3HAUECHHS TEMITepaTypsl okpyxatommei cpenst (20 n 40 °C — st0
CTaHAApTHBIC 3HAUEHMS, IPUMEHAEMbIE NIPH TEIUIOBBIX pacdeTax 3JIeKTpoJBUrareneii). 3aBUCUMO-
CTU OTHOCHUTEJIBHOI'O 3HAYEHUsI AOIYCTUMOI'0 MOMCHTA JJICKTPOABUIATEIIA OT OTHOCHUTENILHOM
CKOPOCTH (IaCTOTHI) NPUBEACHBI IJIsI TPEX CHHXPOHHBIX JBHUTATEIeH ¢ MOCTOSHHBIMUA MarHUTAMH
MOIIHOCTBIO 3; 25 u 250 kBT.
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The Permissible under Heating Conditions Torque
of a Frequency-Controlled Synchronous Motor
of Permanent Magnets

B. I. Firago", S. V. Aleksandrovsky"
UBelarusian National Technical University (Minsk, Republic of Belarus)

Abstract. The variable speed electrical drives for industrial mechanisms with a constant sta-
tic torque usually operate in a large range of speeds and loads. Along with this, for any speed of
a given range the electrical drive motor is to provide a continuous permissible torque without
overheating. Mostly the electrical motors have self-ventilation; the ventilator being located on the
motor shaft. In such motors heat dissipation depends on a motor speed. The permissible continu-
ous motor torque is determined out of a heat balance equation where power losses being converted
into heat must be transferred in the ambient space and the motor temperature must not be over
a permitted level for a given class of winding insulation under the certain ambient temperature.
A heat balance equation is usually obtained on a basis of a one-mass motor heat model, i. e. the
model that was used in this research. But even the one-mass heat model gives a non-linear heat
balance equation. In order to get convenient analytical expressions out of the motor heat balance
equation, it is necessary to take some justified assumptions; the latter was also implemented in this
research. As a result, formulas have been obtained by which the long-term permissible motor
torque can be calculated as a function of the relative speed of the rotor at a given ambient tempera-
ture. For the examples presented in the articles we chose (20 and 40 °C as a standard temperature
for the thermal calculation of electrical machines). Dependences of a relative permissible continu-
ous motor torque W on a relative frequency value (or relative rotor speed) are presented for three
synchronous motors with permanent magnets and rated power of 3; 25 and 250 kW.

Keywords: synchronous motor, frequency control, permissible torque, heat balance equation

For citation: Firago B. I., Aleksandrovsky S. V. (2018) The Permissible under Heating Condi-
tions Torque of a Frequency-Controlled Synchronous Motor of Permanent Magnets. Energetika.
Proc. CIS Higher Educ. Inst. and Power Eng. Assoc. 61 (6). 508-516. https://doi.org/10.21122/
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BBeaenue

[Ipu perynupoBanum ckopoctu cuHxponHoro nsurarens (CJl) BHM3 oT oc-
HOBHOW YXYAIIAIOTCS YCIIOBUS OXJIXJCHWS W BO3HUKAeT MpoOieMa orpese-
JICHUSI €r0 JOMYCTUMOW HArpy3Kd C COOJIONCHHEM IIpeNebHBIX TEeMIIEpaTyp.
Ecam cratnyecknii MOMEHT 3aBHCHT OT CKOPOCTH (TYpOOMEXaHWU3MBI), TO TaKas
mpo0JieMa OOBIYHO He MposBiseTcs. Ho mpu MOCTOSHHOM CTaTHYECKOM MOMEH-
Te (HampuMep, TPy30MOIbEeMHBIC MEXaHU3MbI) YMEHBIICHHE cKopocTH Bayia CJ
HETIOCPE/ICTBEHHO BIIMSET HA TEIUIOOTAAYY U, CIEI0BATENLHO, HA JIOMYCTHMBIH
MOMEHT Harpys3ku [1, 2].

B cBs3u ¢ 3THM mpeAcTaBIsSeT MHTEPEC HANTH aHATUTUYECKYIO 3aBUCIMOCTh
JOMYCTIMOTO MOMEHTa CHHXPOHHOTO YacTOTHO-PETYJIMPYEMOTO JBUTATEINs C
MMOCTOSTHHBIMH MAarHUTaMHd OT CKOPOCTH W IapaMeTpoB JIIEKTPOIPHBOIA IMPH
Pa3NUYHON TeMIIepaType OKPY>KaloIIeH Cpelibl.

AHaJINTHYECKOE HCCIeOBAHUE AOIYCTHMOI'O IO YCJIOBUSIM Harpesa
CHUHXPOHHOI'O YaCTOTHO-PEryJIMPYEMOro ABUraTe st
C MOCTOAHHBIMU MArHUTAMH

PaccMoTpuM CHHXpPOHHBIN JBUTATENh C TMOCTOSHHBIMH MarHWTaMH, paciio-
JIO’)KEHHBIMU Ha MOBEPXHOCTH poTopa. [lomaraem, 4To moTepu MOIIHOCTH B PO-



b. U. ®upaeo, C. B. Anexcandposckuii
510 JloIyCTHMBIH 10 YCIOBHSAM HarpeBa MOMEHT CHHXPOHHOT'O YaCTOTHO-PETYIHUPYEMOTO. ..

TOPE OTCYTCTBYIOT, 32 UCKIIOUCHIEM MEXaHMIEeCKUX moTeph [3—5]. B aTom ciy-
Yae JIONYCTUMBIN MO yclioBusiM HarpeBa MomeHT CJl Oymer ompenenstbes pa-
BEHCTBOM/HEpPaBEHCTBOM [1, 6]

BoanP ZARmp.l +APCT.1 +APMX’ (1)

HOM

rae AP,y — HOMAHAIBHBIC TTIOTEPH DJIEKTPOIABUTATEIIS, OTPELSISIEeMbIC KaK

1-
AP =P nHOM;

HOM HOM
HOM

Py — HOMUHAJIbHASI MOIIHOCTD 3JEKTPOABUTATENS; Moy — HOMUHAIBHBIN KITJ]
JBHratens, o. €.; APy, — IEpEMEHHbIE OTEPH MOLHOCTH B cTatope CJl mpu
JIAHHBIX YTJIIOBOW CKOPOCTH ® M TOKe [}, KoTopsie mis TpexdazHoro CJ] MokHO
3aIicaTh

AP

nep. 1 =

3I7R;

R, — akTHBHOE comnpoTuBiicHue $a3bl 00MOTKH cTaTtopa; AP, ; — IOTepH B CTAlIU
cTaTtopa, KOTOpPBIE IPH IIOCTOSIHHOM MArHUTHOM ITOTOKE B3aWUMOWHIYKITHH
onpenenstorcs [6]

q
AP, | =AP, —fl ;

CT. cr.1,HOM f
1HOM

f1> finom — TEKYIIIEE U HOMHHAIHHOE 3HAYCHHUE YACTOTHI M3MCHEHUS HATIPSHKESHUS
ctaropa; AP won — HOMUHAIBHBIE IOTepu B ctainu CJl; g — nmoka3aTens crerne-
HU, KOTOPBIH HaxXomuTcs ¢ mpenenax 1,3—1,5 (1711 coBpeMeHHBIX 3JIEKTPOTEXHHU-
YECKHUX CTaJlell peKOMEHIyeTCsl IpUHUMATh ¢ = 1,5); APy, — MEXaHUIECKHUE T10-
TEPH MOIIHOCTH, KOTOpPHIE C y4YETOM BEHTWIIIHOHHBIX TOTEPh MPUHUMAIOT
MPOMOPIIMOHATBHEIMY KBaIpaTy CKOPOCTH JABUTATEIIS ©,

2
AP =AP ®

MX MX,HOM b
HOM

AP\ yoy — HOMUHAJIBHBIE MEXaHUuecKue rnorepu Mommuocta CJI.
IToTepu MOITHOCTH pacCMAaTPUBAIOT ISl YCTAHOBHBIIETOCS PEXKHMa, TOTIA
s CJI umeeM

O o fI(X
b

O‘)HOM (00 HOM fl HOM

TA€ ), Mouon — COOTBETCTBEHHO CHHXPOHHAs yrioBas ckopocTh CJl mpu Teky-
el 9acToTe f) ¥ IPH f1 = fluow-

PaccMoTpuM 1niepByI0 30HY PETYJIUPOBAHUS CKOPOCTH, KOTJA Dyin < O < Myoy,
JUI1 CAaMOBEHTWIMPYEMOI'O CHHXPOHHOT'O YaCTOTHO-PETYIUPYEMOTO JBUTATEN,
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rae KOdPOUIMEHT YXYAMCHHS OXJIKICHUS Pox; caMoBeHTHIHpyemoro CJI
MOJKHO TIPEICTaBUTh BBIpAKEHUEM [6, 7]

Boxa =Bo +(1— Bo)/ =By + (1B Wt ,

rae Bo — ko3pdunreHT yxyaieHus oxnaxkiacHus npu o = 0, T. €. Ipu Hero-
JIBIDKHOM POTOpE JBHUTaTeNns (€ro yCpeJIHEHHBIC 3HAYCHUS B 3aBUCHMOCTH OT
WICTIOJTHCHWSI DJIEKTPOIBUTATES TIPUBEICHEI B [6, 8]).

C yd4eTroM H3II0)KEHHOTO MOXHO 3allMCaTh ypaBHEHHE TEIUIOBOTO OanaHca
C1 (1) oy maHHOW OTHOCHTEIHLHOM YaCTOTHI OL B BUIC

(BO + (1 - BO )\/E)APHOM APep 1t APCT 1 HOM(X’L5 + APanz' (2)

Haiinem 3aBMCHMOCTB IIEPEMEHHBIX IIOTEPh B CcTarope AP, ; 4acTOTHO-
perymupyemoro CJI ¢ MOCTOSHHBIMH MarHUTaMH OT O W 3JIEKTPOMArHUTHOTO
MoMeHTa M CHHXPOHHOTO HESIBHOIIOIIOCHOTO JBUTATEIIS.

B [8, c. 303] moyueno ypaBuenue (10.224) nns Toka cratopa /; HESIBHOIIO-
mocHoro CJI B Buje

:%\/Elz —2EU,cos0,, +U;}, 3)

c

rae Uy, E, — nelictBymoinee 3HadeHue (asHoro Hanpspkenus u DJIC craTopa;
0,; — DJIEKTPUYECKHUI yroj Harpy3KH YTJIOBOW XapaKTEPUCTUKU CHHXPOHHOTO
JIBUTATENs,, KOTOPBIM CBSI3aH C CHHXPOHHBIM AJICKTPOMATrHUTHBIM MOMEHTOM
COOTHOIICHHEM

M sin0,,

M sin O

CHH.Max 31, max

M ¢yi.max — MAKCUMAJIBHOE 3HAYEHUE CHHXPOHHOTO 3JIEKTPOMAarHUTHOIO MOMEH-
Ta; 0,5 max — YTOJI HATPY3KH, COOTBETCTBYIOIIUH M cypyy max-

Kak mokazano B [9], B 4aCTOTHO-pPETYIMPYEMOM 3JIEKTpONpuBoOjE, paboTa-
IOLIEM NIPY HOMHHAIBHOM MarHUTHOM IIOTOKE, BCE BEJIMYMHBI, BXOJSIINE B BbI-
pakeHHe MaKCUMAaJIbHOTO IEKTPOMarHUTHOTO MOMEHTA

— 3IJIE‘I
CHH.mMax >
(DOXC

HU3MCHAIOTCA NPONMOPIUOHAIIEHO OTHOCHUTEIHLHOM YaCTOTE Ol

U =U,n% E=E

1HOM HOM

0y = 0o X, =X

c HOM

rae X., X.uom — CHHXPOHHOE MHIYKTUBHOE COIPOTHBIICHHE HESBHOIOJIIOCHOTO
JIBUTATEIS TIPU TEKYIICH YacTOTE f M TIPH f1 = flyon-
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YuuThiBas 3TH COOTHOIICHHSI B BRIPAKEHUH ToKa ctatopa [ (3), momryanm

2
HOM ~ lHOM cos ean + UIHOM . (4)

1
Il ZX—\/EleOM _2E1 U

¢,HOM

s nessronomocHoro CJ1 MOXKHO MPHHATD 0.5 max = 90°.
O003HaUNM

x M sinf,, ,
no= =— =sin0,;.
M sin© ‘

CHH.Max 2JI,max

Bripazum

cosf,, = \/l—sin2 0, = \/l—u*2.

Teneps ypaBaenue (4) 11 Toka cratopa /; 3anuiieM B BUIE

U E E "
I] — XlHOM 1HOM -2 IHOM 1— u 2 +1.
C,HOM UlHOM UIHOM
O603Ha9MM:
E U T
q=—tm. =M _ 1ok gkopoTKoro 3ambikanus CJI; i, =—— — OTHO-
Ul HOM XC,HOM L,k

CUTENbHBIN K TOKY KOPOTKOTO 3aMbIKaHus TOK ctatopa C/I.
B pesynbraTte ypaBHeHue ansa Toka ctatopa CI MOXKHO 3amucaTh B yKa3aH-
HBIX OTHOCHUTENBHBIX ¢IMHUIAX

iy :\/a2 ~2a\1-pu” +1.
it =a’—2a\1-u”? +1.

ES
O603Haunm > = Z. OdeBHmHO, 4T0 Z << 1, II0ITOMY MOXHO Pa3IOKHTh

hyHKIHIO /1 — u*z =+/1—Z B CTENEHHOH s, B3SB IICPBBIC [[BA WICHA:

Paccmotpum

\/1—2:1—%Z=1—%p*2.

Ho YJamie BCCTO HMCIIOJB3YIOTCA OTHOCHUTCIIBHBIC BCIIMYMUHBI IO OTHOHICHUIO
K HOMHMHAJIbHBIM, 4 HC MaKCUMaJIbHBIM 3HA4YCHUAM, T. €.

I, M
M

lHOM HOM

ll_]

MOXHO HAWTH CBSA3b MEXIY OTHMHU JBYMS BHUJAMH OTHOCHUTEIILHBIX CJTU-
HUTT [ 8]
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i=—1= X =iX,, (5)
1 Il,k 11 1

HOM

.
rae X. — OTHOCHUTENbHAsl BEIWYMHA CHUHXPOHHOTO HHAYKTUBHOTO COMPOTHUB-
JICHHS,;

.M M1 u
v M n A ©

CHH.MmMax HOM m m

A — HOMHHAJIIbHAS TIeperpy304dHas crmoco0HocTs CJI 1o MOMEHTY.
[MpuHuMas Bo BHUMaHUE MPUBEICHHBIE COOTHOIICHHUS JIISI OTHOCUTEIHHBIX
BennuuH (5) u (6), MOYKEM 3amucaTh KBaJpaT OTHOCUTEIHLHOTO TOKA CTaTopa

2 2
2 I | a 2a 1 ap

2

=

*

- * + * + * s
IlHOM Xc X02 Xcz (kanc)z

KOTOPOMY TPOTOPIMOHAIBHEI TEKYIIHE 3HAYEHHs MOTeph MOIIHOCTH B CTa-
TOpE:

— P2
AR‘[C]).] - APnep.l,l-lomll >
2p.
rIe APHW1 =3I/R;
_ ElHOM Ccos ¢HOM

a= = ;
Ul HOM cos(d)HOM - 63H,H0M)

3J1,HOM

0 =arcsin L .
A

m

Tenepb YpaBHCHUC TCIIJIIOBOT'O Oamanca (2) AJId CHHXPOHHOI'0O CaMOBCHTHIIN-
pyeMoro aBurateiis an/I06peTaeT BU

(BO + (1 - BO)\/E)A})HOM 2 A}DCT.I,HOMaL5 + A})Mx(x‘2 +

+ AP a 2—2a+ ! +AP 42 @
nep.1,Hom X: X:z X:z nep.1,Hom (ka:)z .

BBe,Z[eM OTHOCHUTCIILHBIC MMOTCPHU MOIITHOCTH B CUHXPOHHOM JABUTATCJIC!

p* _ cr.l,HOM |
1 — s
Mi{om
* APMX,HOM . (8)
Po="xp
HOM
* AR'lep.],HOM
P = )
HOM
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a TaKke 0003HAUKM:

p3a (9)

2
* a 2a 1
B= > ——*+—*
Py X2 x»

c c c

(10)

Temneps ypaBHEHHE TEIUIOBOTO OastaHca (7) MOJKHO 3aIlicaTh

Bo +(1-Bo)Wa = pya’ + pya® + B+ Ap?

1581054
pe = 9 +611\/a_%0‘1’5 _%0‘2 5
rue
B,— B
qO: OA D)
1-B
q y L,
. (11)
p
9, :71;
p*
qs :72-

[IpunumaeM W = o, ¥ HAXOIUM 3aBUCUMOCTb OTHOCHTENIBHOIO AOIYyCTHMO-
0 MOMEHTa CUHXPOHHOTO IBUTATENs OT OTHOCUTENBHONW YacTOTHI O, T. €. OTHO-
CUTENIBHOM YTJII0BOM CKOPOCTH pOTOpA

Won = o + @i —g,0 — g0 (12)

Pacuyer gomycTMOro 1mo ycJioBHsIM HarpeBa MOMEHTA
CHHXPOHHOI'0 YaCTOTHO-PEryJHPYeMOro ABUraTeIst
€ MOCTOSTHHBIMU MArHUTAMU

JIJis MIUTIOCTpAIA TEOPETUIECKUX WCCIIEIOBAHUI MPOBENIEHBI pacyeThl M0
nmosrydeHHBIM opmynaMm (8)—(12) misi CHHXPOHHBIX YaCTOTHO-PETYIHPYEMBIX
neurateneit [10] momuocThIO 3 KBT (puc. 1), 25 kBt (puc. 2) u 220 kBT (puc. 3)
IUISL TEeMIIEpaTyphl okpyxatomieit cpemast 40 u 20 °C.
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0.9 4

0.8 . . . .
0 0,2 0,4 0,6 0,8 1,0
o

Puc. 1. 3aBHCUMOCTb OTHOCUTENBHOTO AOIyCTUMOIO MOMEHTA [, OT OTHOCUTEIILHOI YacTOTHI OL
JUISL CHHXPOHHOTO YaCTOTHO-PETYJIMPYEMOTO JIBUTATENSI C TOCTOSIHHBIMHU
marauTamu tina LSRPM90SL momHocTeO 3 KBT

Fig. 1. Dependence of a relative permissible torque i, upon a relative frequency o
for the synchronous frequency-controlled motor
of permanent magnets of LSRPM90SL type with rated power of 3 kW

Puc. 2. 3aBUCHMOCTb OTHOCUTENIBHOTO JIOTYCTHMOTO MOMEHTA [0, OT OTHOCHTEIBHON YaCTOTHI 0L
IUTS CHHXPOHHOTO YaCTOTHO-PETYIUPYEMOTO IBUTATENS C IOCTOSTHHBIMU
marautamu Tuna LSRPM200L morHocThIO 25 KBT

Fig. 2. Dependence of a relative permissible torque p, upon a relative frequency o
for the synchronous frequency-controlled motor
of permanent magnets of LSRPM200L type with rated power 25 kW

1,5

0.9 L I I
0 0,2 0.4 0,6 0.8 1,0
o

Puc. 3. 3aBUCHMOCTb OTHOCUTENBHOTO JIOITYCTHMOTO MOMEHTA [0, OT OTHOCHTEIBHON YaCTOTHI 0L
JUISL CHHXPOHHOTO YaCTOTHO-PETYJIMPYEMOTO JIBUTATEINs C IOCTOSTHHBIMH
Marautamu tuma LSRPM315MR morHocThiO 220 KBT

Fig. 3. Dependence of a relative permissible torque L, upon a relative frequency o
for the synchronous frequency-controlled motor
of permanent magnets of LSRPM315MR type with rated power 220 kW
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BBIBOJ

Pa3paborana meTonmka pacdera IOMYCTHMOIO IO YCJIOBHSM HarpeBa Mo-
MEHTa YaCTOTHO-PErYJIUPYEMOTr0 CHHXPOHHOTO CaMOBEHTHJIMPYEMOTO 3JICKTPO-
JIBUTATENS, KOTOPas MOXET OBITh UCTIOIBh30BaHA IMPU BEIOOPE MOIIHOCTH U TPO-
BEpKE JITUTENHHO JOIMyCTHMOTO MOMEHTA 3JIeKTPOIBHUTaTeNsl, pabOTAIOIIETO MPH
Pa3HBIX Harpy3kax, CKOPOCTSIX M TEMIIepaTypax OKpPYKaroIei cpeibl.
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