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Abstract

Introduction. Mechanisms with non-circular gears are of wide interest to researchers and inventors due to their
compactness and the implementation of a wide range of transfer functions. The development of this area is stimulated by
the advancements and reduction in cost of mechanical processing and additive manufacturing technologies, as well as the
use of applied mathematical modeling packages for the analysis and synthesis of non-circular gears. Traditionally, non-
circular gears are used to transmit rotational motion between parallel axes with a variable ratio of angular velocities.
However, their use in planetary gear schemes provides implementing various types of output link motion. The analysis
of the papers on the research area shows that gears with movable rotation axes have not been sufficiently studied from
the point of view of kinematics and dynamics. Most research papers reveal the theory of such mechanisms without
verifying the results obtained in practice. This work is aimed at the experimental verification of the kinematics of a
planetary mechanism with two external engagements, which contains elliptical gears.

Materials and Methods. The kinematic model of the mechanism under study is built on the basis of the velocity diagram
of its links, which made it possible to obtain expressions for finding an analogue of the angular velocity and the position
function of the output shaft. The experimental study of kinematics was performed on a laboratory stand containing a
model of a planetary mechanism with a set of replaceable gear wheels, absolute encoders on the input and output shafts
of the mechanism, a controller, and a PC for recording and processing the signal. The analysis of the obtained results was
performed on a computer using statistical analysis methods.

Results. As aresult of kinematic analysis, position functions were constructed for three alternative planetary mechanisms,
which had different geometric parameters of the gears and made it possible to implement various types of motion of the
output shaft: swinging motion, discontinuous motion, and unilateral uneven rotation.

Discussion and Conclusion. The analysis of the experimental results showed the adequacy of the constructed
mathematical model of kinematics to real mechanisms. The confidence interval of measuring errors at a reliability level
of 95% was 0.16+0.08° for the first version of the mechanism, 0.57+0.22° — for the second version, and 0.08+0.26° —
for the third. The proposed planetary mechanism with elliptical gears for implementing various types of motion can be
used in drives of process equipment in numerous industries: chemical and food (mixers), oil refining (pumping units for
crude production), mechanical engineering (compressors, pumps, automated machines), and others. The conducted
kinematic studies of the planetary mechanism and their experimental analysis are needed for further dynamic and force
investigations, as well as for the design of drives based on the proposed transmission.

Keywords: planetary mechanism, elliptical gears, kinematic analysis, position function, statistical analysis, uncertainty
of measurement, confidence interval
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AHHOTaNUs

Beedenue. Mexanu3Mbl C HEKPYIJIBIMH 3yO4yaThIMH KOJIECAMH BBI3BIBAIOT IIMPOKWN HHTEPEC HCCIIEAOBAaTENICH |
n3o0perareneld BCIEACTBHE X KOMIIAKTHOCTH M pealU3alliy IIHPOKOTO CHEKTpa MepelaToyHbIX (yHKuui. PasButune
JTAHHOW 00JIaCTH CTHMYJIMPYETCS! Pa3BUTHEM U YJCUIEBICHHUEM TEXHOJIOTHH MeXaHHIecKoil 00pabOTKH M alINTHBHOTO
MIPOM3BOACTBA, a TAKXKE IPUMEHEHUEM IIPHUKIIAHBIX TAKETOB MaTEMaTH4YECKOI'0 MOJISITMPOBAHNS Il aHAJIN3a U CHHTE3a
HEKpYyTJIBIX 3yO4aTelx Kosiec. Hekpyriple 3y0uaThle Kojieca TpaJWIHMOHHO CIy)KaT Ul Tepefadd BpallaTeIbHOTO
JBIDKCHUS MEXy NapajieIbHbIMU OCAMH C IEPEMEHHBIM OTHOIIEHHEM YTJIOBBIX CKOpocTeil. OHaKo nX MPUMEHEHHUE B
CXeMax IUTaHeTapHbIX Iepesiad MO3BOJISET Peal30BaTh pa3InuHbIe BU/IBI IBH)KEHHS BEIXOJHOTO 3BeHA. AHANN3 padoT
IO TEMATUKE UCCICAOBAHUA MMOKA3bIBACT, UTO MEPEAAYN C IMOJABMKHBIMU OCAMH BpaAlICHHUA HCIOCTATOYHO HMCCIIEJOBaHbI
C TOYKH 3pEHHS KHHEMATHKN ¥ TMHAMHKH. BOJBITMHCTBO HayYHBIX pabOT PacKphIBAIOT TEOPHIO TAKMX MEXaHH3MOB, HE
OpOBOMA  BepH(HKALKMK IOJYyYCHHBIX pE3yJbTaTOB Ha MpakThke. lleiapo Hacrosimedl paboThl  SABJISIETCS
9KCIIEpUMEHTANIbHAS BepU(UKALUS KHHEMATHKH IUIAHETApHOTO MEXaHW3Ma C JABYMs BHEIIHMMH 3aleIUICHUSIMH,
HMEIOIIETO B CBOEM COCTABE LIUNTHYECKHE 3y0daThie Kojeca.

Mamepuansl u memoosl. Knnemarrieckasi MOJIeIIb UCCIIEAYEMOT0 MEXaHI3Ma ITOCTPOEHa Ha 0ase IiIaHa CKOPOCTEH ero
3BCHBCB, KOTOpLIﬁ TTO3BOJIMJI TOJTYYUTH BBIPAXKCHUA U1 HAXOXKICHU aHaJiora yFHOBOﬁ CKOpPOCTH 1 (byHKI_H/II/I TIOJIOKCHHUA
BBIXOZIHOTO BaJia. DKCIIEPUMEHTAIBHOE HCCIIeI0BaHIE KHHEMATHKH BBITIOIHEHO Ha JIAO0paTOpHOM CTEHJIE, CO/IepKaIeM
MakeT IUIAaHETAPHOrO0 MeXaHW3Ma ¢ HabOpOM CMEHHBIX 3y04aThiX KoJiec, aOCOJIIOTHBIE JHKOJAEPbl Ha BXOJHOM U
BBIXOZJHOM Bajlax MeXaHu3Ma, KoHtpoiurep u IIK mms permcrpammm u oOpaOOTKM CHTHaia. AHalU3 IOTyYEeHHBIX
pe3ynbTaToB npoBesieH Ha DBM ¢ ucmnonbp30BaHEM METOJOB CTATUCTHYECKOTO aHAN3A.

Pesynemamut uccnedosanusn. B pesynbrate KHHEMAaTHUECKOTO aHAIW3a IMOCTPOCHB! (PYHKIWHM MONOXKEHMS UIS TPeX
BAapUAHTOB IIJIAaHETAPHOI'0 MEXaHU3Ma, HUMCIOIHNX pas3IMYHbIE TCOMETPUUYCCKHUE MapaMETphI 3y6an1>1x KOJIEC U
MIO3BOJISIIOIINX PEATU30BAaTh PA3IMYHBIC BUABI JIBIDKCHHS BBIXOJHOTO Baja: BO3BPATHO-BPAINATEIBHOE IBIKCHUE,
JBIDKEHUE C OCTAHOBKAaMH M OJIHOCTOPOHHEE HEPAaBHOMEPHOE BpAIllCHHUE.

Oébcyycoenue u 3akniouenue. AHaATM3 pE3yIbTAaTOB OJKCHEPHUMEHTA IIOKa3aJl aJeKBAaTHOCTb ITOCTPOCHHOM
MaTeMaTH4ecKOW MOJIeIM KMHEMATHKH peajbHbIM MeXaHW3MaM. [loBepUTENbHBIN MHTEpBAJI OIIMOOK M3MEpEHHs IpU
ypoBHEe moctoBepHOCTH 95 % cocraBun Juid  mepBoro BapuaHta MexaHm3ma 0,16+ 0,08, mms  BTOpOro
Bapuanra — 0,57 + 0,22 u qnsa tperbero — 0,08 £ 0,26. IlpeanoxkeHHbIN MIaHETapHBIA MEXAHU3M C SJUTUNTUYECKUMU
3yO4aTeIMH KOJE€CAaMH JUIi pEalM3allid pa3JIMYHBIX BHUJOB [BIDKCHHUS MOXET OBITh NPHMEHEH B IIPHBOJAAX
TEXHOJIOTMYECKOT0 000pyI0BaHHUS MHOTHX OTpacieid MPOMBIIUICHHOCTH: XUMUYECKOW 1 NMHIIEBOH (IepeMeIInBaroIIye
ycTpoiicTBa), HedrenepepabaTbiBaroIIei (CTaHKH-Kayaiku JJIst J0ObIYM He(TH), MAIMHOCTPOUTENBHON (KOMITPECCOPBI,
HaCOCHI, CTAHKH-aBTOMAThl) 1 Apyrux. [IpoBeeHHbIe KWHEMaTHYECKUE MCCIICA0BAHNUS TUIAHETAPHOTO MEXaHU3Ma M MX
9KCTIIEPUMEHTANILHBIN aHAIN3 HEOOXOANMBI IIPH JAJIbHEHIIEM AMHAMUYECKOM U CHIOBOM HCCIIEIOBAHUSAX, a TAKKE MPU
MIPOEKTUPOBAHUH IIPUBOOB Ha 0a3e NMpeAoKeHHOH nepeayn.

KioueBble clioBa: IJIaHETAPHBIH MEXaHU3M, JJUIMIITHYECKUE 3y0OuaThle Kojeca, KWHEeMaTHYeCKUil aHalu3, QyHKIMs
TIOJIOKEHHUSI, CTATUCTUYECKUN aHAIIN3, HEONPEAEIEHHOCTh U3MEPEHUS, TOBEPUTEIbHBIA HHTEPBAI

BuiaronapHocTi. ABTOPBI BBIP@XKAIOT 0J1aro1apHOCTh PEAAKIUK U PELICH3eHTaM 32 BHUMATEILHOE OTHOLICHUE K CTAThe
¥ YKa3aHHbIE 3aMEYaHUsl, KOTOPBIE TO3BOJIUIIU MMOBBICUTH €€ KaYeCTBO.

dunancupoBanue. Vccnenoanne BBIIOMHEHO IpH (puHaHCOBOM moanepkke Kybanckoro HayyHoro ¢poHzIa B paMKax
Hay4HO-MHHOBaImoHHoro npoekra Ne HIII-20.1/135 «KoHcTpynpoBanue W uccieqoBaHHWE IUIAaHETapHOH Iepenadn

QJINTHIITUYICCKUMHU 3y6‘IaTI>IMI/I KoJIECaMH B COCTaBC IPHUBOAA ITOPIITHEBOI'O KOMIIpECCOpa».
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Introduction. Mechanisms with non-circular gears have been known for a long time, but their experimental research
and practical implementation have long been difficult due to the focused specialization of such mechanisms, the
complexity and high cost of their manufacture. Nowadays, there is an increase in the interest of researchers in this topic.
At the same time, most scientific papers on designing non-circular gearing are based on the analysis of geometry [1] and
kinematics [2] to obtain the required transfer function for practical application [3]. In [4] and [5], mechanisms for
synthesizing angular velocity functions were developed and studied. Researchers proposed robotics with non-circular
gears, for example, a jumping robot [6], a hexapod robot [7], an exoskeleton mechanism for knee joint rehabilitation [8].
More efficient planting machines for the agricultural industry were studied from the point of view of kinematics [9] and
dynamics [10]. Other numerous devices were developed and designed.

A review of sources has shown that the most common gears are those with an elliptical centrode [11, 12]. Machines
[10] and devices [4] with elliptical gears are created, the geometry [13] is studied, and some design [14] and manufacturing
issues are resolved [15].

Elliptical gears are mainly used to transmit rotary movement between parallel fixed axes [16]. However, such use of
non-circular gears allows for only one-way nonuniform rotary movement, which limits the scope of their application.
Planetary gears have broader capabilities for implementing complex types of movement of working bodies. The creation
of drives based on them will provide the development and implementation of more efficient and compact machines for
various technological purposes.

Based on the results of the analysis of scientific literature in the field of transmissions with non-circular gears, a
planetary mechanism with elliptical wheels is proposed as an object of study. The objective of the work is an experimental
kinematic analysis of a planetary transmission. It is justified by the need to verify theoretical provisions for their correct
use at the following stages of design — in dynamic, force analysis and strength calculations.

Materials and Methods. The kinematic model of the mechanism is constructed on the basis of the velocity diagram
of'its links (Fig. 1).

Fig. 1. Velocity diagram for the mechanism under consideration:
1 — carrier; 2 — satellite shaft; 3 — elliptical gear on the output shaft;
4 — sun elliptical wheel; 5, 6 — elliptical wheels of the satellite

The analog of the angular velocity of the output shaft is determined as follows [17]:
©; Vp-AC _BD-AC

" _ . 1
%=, V.-DE BC-DE M
Segments BD, BC and DE are determined through the polar equation of the ellipse [17]:
a(l-e?
p((p) - M 2)

- l-e-cosq’

where ¢ — rotation angle, e and a — eccentricity and semi-major axis of an ellipse.
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We determine the engagement radii of gears 5 and 6:

2
BC:p5=M, 3)
l1—e;-cos Qs
a(l-e?
(1-¢2)

—9
1—e,-cos Qg

CD=pg = “

where e; and e;— eccentricities for each pair of elliptical gears, whose rotation angles @5 and ¢ are obtained as follows:

1-ef

= do,. 5
®s .[1+elz+2el~cosq)1 i ©)
P =T+ Ps. (6)
Based on the velocity plan and taking into account equations (3), (4), we define the required segments as:
BD =pgs—ps, O]
AC = EC =2a, )
DE =2a—-p,. &)
Based on (2)—(9), we obtain an expression for determining the analogue of the angular velocity of the output shaft:
—0)-2
o, = Pa—Ps)-2a (10)
Ps (2a ~Ps )
The rotation angle is determined by integrating equation (10) over joint coordinate ¢ :
R =jq>’3d<pl- (1

Variations of the kinematic scheme of the mechanism include replacing elliptical gears with cylindrical ones in one
of the pairs, for the study of which it is required to replace the radius functions with fixed values in the resulting
mathematical model.

We consider mechanisms with a pair of elliptical gears 3—6 (¢=0.28), and cylindrical wheels 4 and 5 of the following sizes:

— option 1: Rs=25 mm, R,/~25 mm;

— option 2: Rs= 18 mm, R/~ 32 mm,;

— option 3: Rs= 16 mm, R/~ 34 mm.

Figure 2 shows the graphs of the position functions obtained using (11).

¢, rad

0.0

/I

e
-7.5
0 KL 2_7t T ﬂ 5_” ¢1, rad
3 3 3 3

Fig. 2. Dependence graphs for the studied mechanism configurations
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The analysis of the graphs shows (in Fig. 2, numbers indicate studied options) that changing the sizes of the gear
wheels allows obtaining different types of output shaft movement: reciprocating-rotational (option 1), discontinuous

(option 2) and one-way nonuniform rotational movement (option 3).
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Research Results. The kinematic analysis confirmed the implementation of various transfer functions, and changing
the sizes of gear wheels allows for the kinematic synthesis of new mechanisms.
The object of the experimental study is a prototype, whose details are shown in Figure 3.

Fig. 3. Details of the prototype under study

Rotation angles are measured by absolute encoders (Table 1).

Encoder Characteristics

Table 1

Diameter

Output signal

Resolution

Linearity

Reading speed

22 mm

05V

360°/4096=0.088°

0.3%

0.6 ms

The signal is registered by the Arduino controller and processed on the PC (Fig. 4).

b)

Fig. 4. Schematic diagram () and external view (b) of the experimental stand: 1 — housing; 2 — input shaft;

3 — output shaft; 4, 5 — encoders; 6 — Arduino controller; 7— personal computer
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The processing and analysis of the measurement results were performed in the MathCAD application package. The

schemes of the studied options and the experiment results are shown in Figure 5.

a)

0 60 120 180 240 270 ¢,,°

b)

0 60 120 180 240 270 ¢.°

9

Fig. 5. Research results: a — option 1; b — option 2; ¢ — option 3

0 60 120 180 240 270 ¢,.°

Theor.
Exper.

(1)

Theor.
Exper.

Theor.
Exper.

As can be seen from the graphs, the measured values of the output shaft rotation angles are adequate to the constructed

model. Let us evaluate the results of the experiment using statistical analysis tools.

We determine the average value of measurement errors [18]:

67:%2:;1%”

where n — number of independent observations gy.
Let us calculate the sample variance:

1 n _\2
2 —_ —
s (qk)_n—lzk=1(qk 61) .
An estimate of the dispersion of the mean value is obtained as follows:

s* (qx)

2
s =—"
(4)=—
The standard uncertainty of Type A measurements is determined [19]:

u(q)=ys>(q)-

(12)

(13)

(14)

(15)
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Taking the measurement errors as values g; and processing them according to (12)—(15), we calculate the measurement
uncertainty. The results of the statistical analysis are given in Table 2.

Table 2
Statistical Analysis of Measurement Errors
Mechanism number Numbef/;)lflrenseasured Mean error value Uncertainty of measurement
1 195 -0.16° 0.04°
2 168 0.57° 0.11°
3 192 0.08° 0.13°

The confidence interval is defined as g+2u for a level of certainty of 95% and is —0.16 + 0.08° (option 1),

0.57 £ 0.22° (option 2), 0.08 £ 0.26° (option 3). Thus, the constructed mathematical model of kinematics is adequate to
the physical prototypes.

Discussion and Conclusion. A planetary gear with elliptical wheels is presented, providing the implementation of
nonuniform, discontinuous and reciprocating-rotational movement of the output shaft. The type of movement is
determined by the parameters of the gear wheels.

A kinematic model of the transmission was constructed, and the law of movement of the output shaft was obtained.
The analysis of mechanisms with different parameters of gear wheels showed the feasibility of a wide range of
transmission functions and types of movement of the output shaft.

The correspondence of the results of the conducted kinematic analysis to real mechanisms is confirmed by an
experimental study of the output shaft position functions for three options of the physical prototype. The performed
assessment of the adequacy of the mathematical model provides its using in dynamic and force analysis of machines
based on the proposed transmissions. The studied options of the mechanism can be used in drives of compact and easy-
to-balance technological machines.
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