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PaccMoTpeHbl KMHEMaTHYeCKHE BO3MOXKHOCTH 3aMKHYTHIX 3yO4arhiX Au(p(epeHInanoB, OTHOCSIIMXCS K
rpyIIe SHUIUKINYECKUX 3y0uaThIX MexaHn3MoB. J{Jist vccineaoBaHus BBIOpaHbl IIMPOKO NPUMEHSIEMbIE M MPAKTUUHBIE
CXeMBI Ha OCHOBE Hanboliee MpOCTOro MIaHETAPHOTO MEXaHU3Ma C BapbHPOBAHHEM TOJBKO 3aMblKaroleil yactu. Pac-
CMOTPEHBI TPY BO3MOKHBIE CXEMBI B BHJIE PSIIOBOrO 3y0uaToro Mexannzma. C OMOIIIBIO METOa OOPAIEHHOTO JIBHKE-
HUSI IPEJIaraeTcsi METOIUKA ONPE/ICICHHS KHHEMAaTHUECKHX BO3MOXKHOCTEI MeXaHnu3Ma 3aMKHYyTOro 3yd4aroro qudge-
pEHIMaa — MOJy4eHHEe MHHIMAIBHOTO U MAaKCHMAJIBHOTO JOIMYCTUMBIX 3HAYEHUH KO PHUIIMCHTa IepeJaTOYHbIX OTHO-
IIEHUH C y4€TOM Pa3JINYHbIX JOMOTHUTEIBHBIX yCIOBHNA. [Ipy 3TOM yUHTHIBalOTCS OrpaHUYEHHS Ha YUCIIO 3yObeB KOJIeC
JUIl BHYTPEHHHX M BHEIIHMX 3alEIUICHHH, a TakKe BOIIPOCHI TEXHOJOTMU COOpKHM MeXaHH3Ma (yCIOBHE COOCHOCTH,
YCIIOBHE COCEICTBAa M ycioBHe cOopkn). IIpemmoskeH MOAYJBHBIM HPHHIUI COCTAaBICHUS MEXaHW3Ma W3 0a30BOH
(mem3MeHsieMoil) gact — auddepeHIInanTbHBI MEXaHU3M TPOCTEUIIell KOHCTPYKIIMH W CMEHHOW YacTH — PSIOBOI
3yO4aThlii MeXaHNW3M 3aMblKaromeil yacTu. [lodydeHHBIE Ha OCHOBE 3TOrO NPHUHIOMIA CXeMbl AU(PEepeHIINATBHBIX
3yO4aThIX MEXaHU3MOB 00JIa1al0T 3HAYUTEIHHBIMI IPEUMYIIIECTBAMH IT0 CPABHEHHIO C AaHAJOTOBBIM CIBOCHHBIM IIaHE-
TapHBIM MEXaHU3MOM.

Knrouesvie cnosa:. 3youateiii nuddepeHnuanbHeiii  MexaHusM, audepeHIman, 3aMbIKaoNas 4acTh,
KHHEMATUYECKHE BO3MOXHOCTH MEXaHH3Ma, METOJ OOpalICHHOTO JBM)KCHHs, YCJIOBHE COOCHOCTH, TJIABHOE U
JIOTIOJTHUTEJIBHBIC YCIOBHS CHHTE3a, IEPEJATOYHOE OTHOIIICHHE MEXaHH3Ma.
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Abstract. This article discusses the kinematic capabilities of closed gear differentials (mechanisms from the
group of epicyclic gear mechanisms). The most widely used and practical schemes of the mechanism based on the sim-
plest planetary mechanism with variation only in the closing part are studied. Three possible schemes in the form of an
ordinary gear mechanism are considered as the closing part. A method for determining the kinematic capabilities of the
mechanism of a closed gear differential is proposed with the help of the inverted motion method. The essence of the
method is to obtain the minimum and maximum allowable values of the gear ratio factor, taking into account various
additional conditions. The method takes into account restrictions on the number of gear teeth for internal and external
gearing, as well as issues of mechanism assembly technology (alignment condition, neighborhood condition and assembly
condition). A modular principle of composing the mechanism from the base (unchangeable) and replaceable part is pro-
posed. The base part is a differential mechanism of the simplest design, while the replacement part is an ordinary gear
mechanism of the closing part. The schemes of differential gear mechanisms obtained on the basis of this principle make
it possible to obtain more advantageous schemes of the mechanism in comparison with a similar (solving the same task)
double planetary mechanism.

Key words: gear differential mechanism, differential, closing part, kinematic possibilities of the mechanism,
inverted motion method, coaxiality condition, main and additional synthesis conditions, gear ratio of the mechanism.
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BBenenune

3yOuaTble MEXaHU3MbI 3aMKHYTOTO AuQdepeHinana ciyxar A nepeiayd u npeoopasona-
HUS BPAIIATSIILHOTO JBIKEHUS. [IpuHIIMI paboTh JAHHBIX MEXaHHU3MOB OCHOBAH Ha CO3JIJaHUH KOH-
TaKTa MeXay 3yObsaMHU 3yO0uaThixX Kosiec AuddepeHnnaibHbIi (31,4,11 u H) 1 3ambikaromeit (1,2,21 u
3) gacreit mexanusma (puc. 1). OTHOIIEHHE YTIIOBOW CKOPOCTH OJIHOTO 3B€HA K YIJIIOBOM CKOPOCTH
JPYToro 3BeHa B MEXaHMW3ME Ha3bIBAETCS MEPEIaTOUYHBIM OTHOIIIEHHEM U 0003HauaeTcs OykBoit U ¢
U (POBBIMU UHICKCAMH, COOTBETCTBYIOIIIMMH HOMEpPaM pacCMaTPHBACMBIX 3BEHBEB.
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Puc. 1. 3amkHyTHBIii 3y0uaThlii nuddepeHumnan

Fig. 1. Closed gear differential
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[lepenaTouyHOE OTHOIIEHHE CIOKHOTO MHOTOCTYIIEHYATOr0 3y04aToro MeXaHu3Ma ecTh Ipo-
M3BEJCHUE B3STHIX CO CBOUMH 3HAKAMH MEPEJATOUYHBIX OTHOIICHUHN OT/IEIbHBIX €r0 CTYIEHEH:

U

1n

1)
:a)_;:U12.U2’3.U3’4.“U(n—l)’-n (1)

B texHuke npuMeHseTcs MeXaHu3M Ha ocHOBe nuddepeHimana, MexX1y BBIXOHBIMH 3BE€Hb-
SIMH KOTOPOT'O YCTaHOBJIEHA MMPOMEKYTOUHAs 3y0uaras nepeaaya. OHa HaK/IaIbIBaeT TOMOIHUTEINb-
HOC YCIIOBHUE CBS3U, U MU HepeHIMATBEHBI MEXaHU3M MPEBPAIACTCs B CIOXKHBINA TUIAHETAPHBIN C
OJIHOM cTerneHbIo cB0O0AbI. Takol MexaHW3M Ha3bIBAETCS 3aMKHYTHIM TU((epeHIINaTbHBIM.

Ha puc. 1 mokasana cxema Mexau3Ma quddepennuana, y koroporo koneca 11 u 3! ceazans
MMPOMEKYTOUHOM 3y0UaToi nmepenayei, cocTosien u3 koiuec 1, 2, 2! u 3, BCenCTBHE Yero yriioBas
CKOPOCTh KoJieca 3! 3aBHCHT OT YITIOBOi CKOPOCTH BXOAHOTO Kojeca 1. /I onpenenenus o6miero
nepenatoyHoro otHomenus Uin ot Baa O1 k Basty Oy y100HO MBICIIEHHO PAaCWJIEHUTH J1Ba 3y04aThIX
Mexanu3ma: | — 3ambikarommid, |l — quddepenmnman.

MeTtoa uccie10BaHuA

Haunewm ¢ paccmoTpenust kuaeMaTuku quddepennnana. st 7Toro MexaHn3mMa umMeeM, co-
IJIaCHO ypaBHEHUIo Buuca:

@, — O,
ub = "% ()

w; — o,

Ham HeoOxoaumo 3HaTh nepefaToyHoe oTHomenue U, = D Yro6e1 ero BBECTH, pa3esiuM
H
YUCIUTENb U 3HAMEHATEJNb YpaBHEHHUS (2) Ha YITIOBYIO CKOPOCTh (DH U MOJIYYUM:
Ul(ll;) — a)l/a)H -1 — UlH -1 (3)
a)S/a)H -1 a)S/a)H -1

BenenctBue Toro, uto koneca 1 u 11 u koneca 3 u 3! sxecTko cBsA3aHbI JPYT C APYTrOM, UMEeM
COOTHOIIEHUS M1=M1' U M3=W3'. Terneps paccMOTPUM 3aMBIKAIONIYIO YacTh MexaHu3Ma. [lepemxarod-
Hoe oTHomeHne U1z 3TOro MexaHusma paBHO:

U,=2 (4)
W,
N3 ypaBHeHus (4) nonyyum:
Y
’ U13
[TocTaBUB MOJIy4€HHOE BBIpasKeHUE 711 (03 B ypaBHEHUE (3), MOIy4YHUM:
(1H1) — UlH -1 — U13(U1H -1) (5)
o a)l/(a)HUlS)_l UlH _U13
U3 ypaBHeHus (5) onpeaenseM ob1iee neperarouHoe oTHomenne Uiy MexaHu3ma:
(H)
H = att (U1131 ) =2 (6)

u®™_u )

A 13 H

[lepenaTouHble OTHOIICHHUS, CTOSIINE B MPABOW YacTH ypaBHEHHs (6) MOTYT OBITH Ompee-

JICHBI, €CJTM U3BECTHHI uncia 3yobeB Z1, Z1°, Z2, Z2',Z3, Z3 u Z4 KoJec 1, 2, 21 3, 3t u 4. Jnsa Hux
AMEEM:

Z,-1,

U, = (_1)2 L5 =

2,-2, 7,-7,

(7)
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U(H) :(_1) 24'231 _

11 31

Z,
- (8)
Z,°2, Z,
[Tpu pacuere nuddepeHnnanbHBIX MEXaHU3Ma, KPOME IIaBHOTO YCJIOBUS CHHTE3a (TMOIyde-
HUE 3aJJaHHOTO JBWKCHHS), TAKXKE JOJDKHBI BBIOJHATHCS W JOIOJHUTEIBHBIC YCIOBUS CHHTE3a
(ycnoBus npuBEACHBI B BUI€ OTBEYAIOIIEM TEXHOJOTUU Hape3aHusl 3y04aThIX KoJieC 0 METoay 00-
KAaTKU U CTAaHJAAPTHBIM PEXKYIIUM UHCTPYMEHTOM). B TaHHOM cilydae OHU UMEIOT BUJI:
® Zmin>17(15) — orpannyeHrne HAa MUHUMAJILHO JIOITYCTHMOE YHCIIO 3yObeB KoJiec: (Hape3aHue 3yo-
4aToro Kojieca MeTOJI0M OOKATKH) pa3pelieHo MPUMEHEHUE TOJIbKO CTaHIAPTHBIX KOJIEC, YTOOBI
YCIIOBUE COOCHOCTH BBITIOJHSIOCH a0COMIOTHO TOUHO (17 — TeopeTuueckoe 3HaueHue, 15 — npak-
TUYECKOE 3HAUYEHUE, KOTOPOE Pa3pelieHO CTaHIapTOM).
® OrpaHUYCHHUE Ha pa3Mepsl (TrabapuTHEIC): Zmax < 150 (11151 KOJIEC C BHYTPECHHUMHU 3yObsIMU),

Zmax < 100 (Ju1s1 KOJIEC C BHEIIHUMH 3yObsIMN);

® OTCYTCTBUE MHTEp(hEpeHIINH 3yOheB IS KOJIEC ¢ BHYTPEHHUM 3anerieHneM: ZcH > 20, Zcg > 85,
ZcB-ZcH > 5 (TIpu YCIIOBHUH, YTO KOJIECa Hape3aHbl CTAHAPTHBIM HHCTPYMEHTOM).

Kpome Toro, Bce SMUIMUKITMYECKIE MEXaHU3MbI U3 IIMIMHAPHYECKUX KOJIEC — COOCHBIC MeXa-
HU3MBI, ITIO3TOMY JOJI’KHO BBIIIOJIHATCA YCIIOBHEC COOCHOCTHU — OCh BXOJJHOI'O 3B€HA U OChb BBIXOAHOI'O
3BCHa MEXaHM3Ma JOJDKHBI JIEXKATh Ha OJIHOW T'€OMETPHUYECKOW JIMHUK. B 1aHHOM ciiyyae ycioBHe
COOCHOCTH UMEEM CJIEAYIOIIUNA BU:

2,+2,=2,-1, 9
I[J'I}I KaKI0ro INIAaHCTApHOI'0O MCXaHU3Ma CYHICCTBYCT CBOM Juana3oH NnepeaaToOYHbIX YHUCCII.
Onpenenum ero JJis TUIAHETAPHOTO MEXaHW3Ma JISXKAIIEro B OCHOBE Halrero quddepeHmnmana.

U, +u$’ =1 (10)
U,, :1—U§:> (11)
uw o 2t &
13 z, 7, Z,
Z z
_ AP 3
U, _1—(——3)_1+Z (12)

iy 1

MuHHManbHOE 3HaYeHHe 4ucna 3yObes mas komeca 11 Z1=15. MakcuMansHOe 3HaYeHME
gmcia 3yoses s koneca 31 Z3=150. TToaToMy MHHEMaIbHOE 3HAYEHHE MePeIaTOYHOTO YUCIA 00-
PAIIEHHOTO MEXaHW3Ma COCTaBHT:

ut % _ 150 _
10

s -
le

Tor/:[a AJId TUIAHCTApHOT0 MEXaHU3Ma MAKCUMAJIbHOC 3HAYCHHUEC NEPCAATOUYHOIO0 OTHOUICHUA
COCTAaBUT.

-10

U

11

_ H) _ _
L =1-U" =1-(-10)=11

[To ycioBHIO OTCYTCTBUS MHTEPPEPEHIINN 3yObeB BHYTPCHHETO 3allCTUICHUS YHCIIO 3yOheB
Koseca 4 — 24> 20 u st koseca 3t — Z3> 85.
U3 ycrnoBus cO0pKH MOTyYHM MaKCUMATbHO JOMYCTHMOE YHCIIO 3yObeB Koneca 11
2,=2,-2-7,=85-2-20=45
C yuetom Toro uTo kojeco 1! naxomures BuyTpu koneca 3! mpuanmaem Z1= 40. MuHHMATb-
HOE 3HaYCHHUE TIePEATOTHOIO OTHOIICHHSI OOPAIICHHOTO MEXaHU3Ma COCTABUT:

-8 _ -2,125
gt 0

Toraa aJisa miuaHeTapHOTO MEXaHU3Ma MOTYINM:



86 Tpyovt HI'TY um. P.E. Anexceesa. 2023. Ne 3 (142)

U, =1-U “1: =1-(-2,125) =3,125

I'H

JIyist 3aMBIKArOIIUK 9acTH 3aMKHYTOTO 3y04aroro auddepennuana umeeM: Ni-= N1; N3 = N3’

z z z,-z, n. N
U13:Ulz.U213:(__2).(__3):_,_#:_1:_3 (13)
z, Z, 2,°2, Ny Ny,
Orcrona nonyyuM: Nz3'= N1-Uss
[ToncraBuM 310 BeIpakeHue B popmyny Bummca:
) L Bl (14)
s Ny '(U13_1)
OTKyIa HaXOJIUM:
n,—ny =n, UL -(U,-1)
n,
Ny = ) }
14U, - (U-1)
N,

Zy Z )

Zl
Z1=12; Zo=71-U1>=12-6=72
Z
Uu,=-—==5
23 7.

Z>=14; Z3=Z2>U3=14-5=70

u, =(—iJ= 12 _ 5167

z, 72
Z,

U, =|-——> :—E:—O.Z
z, 70

Usz1=Us2*U21=0,2-0, 167=0 0334
1+U . (U,-)=—L=U
n

131
H
1-10-(30-1) = 291
1-2,125-(0,0334-1) = 3,05
3,05 < U< 201

1H

Pe3yabTar ucciieoBaHusA

AHAJIOTUYHO ONPEIEeTTUM MepeaaTOuYHOEe OTHOIIIEHHE 3aMKHYTOT0 AU pepeHnanIbHoro 3y0-
4aToOro MEeXaHu3Ma JJisl IPYTHuX BO3MOKHBIX CXEM MEXaHH3Ma MpHU coXpaHeHUH AuddepeHnnana u
W3MEHCHUH 3aMBIKAIOIICH YacTH MexaHu3Ma. J[ajmee pacCMOTPHUM JIBE CXEMBI.
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1. Cxema Ne 1 (puc. 2).
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Puc. 2. 3amkHyTbIii 3y6uaTsiii nuddepenuunan (cxema Ne 1)

Fig. 2. Closed gear differential (scheme Ne 1)

Zo-2Z1=22»+ 273
Z1>20,2,>85

Z>=20
Z,=1, -U213 =20-6=160

U,=U,-U, =8-(-6) =48

U31:U321 ‘U,
Z,
U321 =——2=—£=—0.167
z, 120
z 20
212—12—20.125
z, 160

U, =U_, U, =(-0.167)-0.125 = —0.0208

32

n
1+U8) - (U,-1) = n—l:ulH
H
1-10-(-48-1) = 491
1-2,125-(0,0208-1) = 3,16
3,16 <U1n<491
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2. Cxema Ne 2 (puc. 3).
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Puc. 3. 3amkHyThIii 3y0uaThlii uddepenunar (cxema Ne 2)

Fig. 3. Closed gear differential (scheme Ne 2)

U12 = Z_2=_6
Z,

Z1>20
z,=2,-U,=20-6=120
u, =-2--29_ 4167
Z, 120
U, =§:8

Z,

Z»=20
z,=12,-U,, =20-6=160
u,=22--2 0125

Z, 160
U13 :Ulz 'U23 =(-6)-8=-48
U31 :Uaz 'U21

U, =U,,-U,, =0.125-(-0.167) = —0.0208

n
1+U8)-(U,-1) = n—1=u1H
H
1-10-(-48-1) = 491
1-2,125-(0,0208-1) = 3,16
3,16 <Un<491

BriBoabl

1. PaccmoTpeHa MeToauKa OMNpeJeNieHnss KMHEMaTHYeCKMX BO3MOKHOCTEW (JOMyCTHMBIE
npeJensl U3MEHEHHs NepeAaTOuyHOro OTHOLIEHHS) 3aMKHYTOro 3youatoro auddepennuana Ha oc-
HOBE METoJa OOpaIleHHOIO JABMKEHMSI U yueTa OCHOBHOTO M JIOMOJHUTENbHBIX YCIOBHM CHHTE3a,
pa3paboTaHHOTO /IS MJIaHETAPHBIX MEXaHU3MOB.
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2. 3aMKHYTBIN 3yOuatbeiii auddepennnan, umes 0ojiee MPOCTYI0 CTPYKTYPHYIO CXEMY 10
CPaBHCHUIO CO CIBOCHHBIMU IUTAHETAPHBIMHU MEXaHW3MaMH, TO3BOJISCT MOJIYYUTHh 3HAYUTEIHHO
Oouibliee TIepeIaTOYHOE OTHOIICHUE (17151 CABOSHHOTO IJIAHETAPHOTO MEXaHM3Ma, UCTIOIb30BaHHOTO
B BUjIe 0a30BoT0 quddepeHnmnana, MaKCHMaIbHO JOMMYCTHMOE 3HAUE€HUE MTePEeJaTOYHOTO OTHOIICHUS
cocraBut Bcero Uiy = 121).

3. KomOunmpys cxemy (MOIy/IbHBIN MPHUHLIUI POESKTUPOBaHMs ) BEIOpanHOTO Auddepeniu-
aJla OCHOBHOW YacTH MeXaHu3Ma (POCTEHIINI IJIAaHETAPHBIH MEXaHU3M) C Pa3IMYHBIMH CXEMaMHU
3aMBIKAIOIIEH YacTH (PSAI0BOM 3y0UaThlii MEXaHU3M), MOKHO TIOJIY4aTh MOIU(PUKAIINH 3aMKHYTOT'O
3youatoro nuddepeHimana, OTIHYAIONIUECS 10 CBOMM KHHEMAaTHIECKUM BO3MOKHOCTSIM. PaccMoT-
PEHO TpH BapuaHTa MEXaHW3Ma 3aMKHYTOrO 3yOuaToro muddepeHiuana, OTIHYArIIUecs] TOIbKO
3aMbIKAOLIEN YaCThIO.
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