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KaszakcmaH Pecniybnukacel ¥immbiK fbliibiM akademusicbl "KP ¥FA Xabapnapbi. [eonozausi xoHe
MmexHUKarbIK FbiribiMOap cepusicbl” fbinbIMU XKypHanbiHbiH Web of Science-miH xaHanaHfFaH Hyckachl
Emerging Sources Citation Index-me uHOekcmernyze KabbindaHraHblH xabapsaldel. byn uHdekcmerny
b6apbiceiHOa Clarivate Analytics komnaHusicel XypHandel odaH opi the Science Citation Index Expanded,
the Social Sciences Citation Index xeHe the Arts & Humanities Citation Index-ke kabbinday maceneciH
Kapacmbipyda. Webof Science sepmmeywinep, aesmopnap, 6acnawhbinap MeH MekeMmesriepee KOHmMeHm
mepeHdiei MeH canacbiH ycbiHalbl. KP YFA Xabapnapbi. [eonoeusi XeHe MeXHUKasbIK fblibiMOap
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Kadyecmeo u eanybuHy KoHmeHma Ons uccriedosamesiel, asmopos, u3damesiell U y4pexoeHudl.
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THE DESIGN OF UNIQUE MECHANISMS AND MACHINES. L.

Abstract. This work is devoted to the development of numerical methods of calculating the kinematic and
dynamic parameters for the design of a new mechanism of class IV based on equations kinematics and dynamics.
Kinematic and dynamic models of these mechanisms are described by differential-algebraic equations. These
equations are singular differential equations. For the first time, we consider the analysis of dynamics and kinematics
for mechanisms of high class in a joint formulation. A cardinal breakthrough is possible in the transition of mecha-
nisms of lower class to high class to design new mechanisms and machines. A new concept based on Runge-Kutta
method is offered for mechanisms of high class aimed at solving kinematic - dynamic model. Methods, algorithms
and programs are developed to define the position and the speed of links for mechanism of class IV at any given
accuracy. A numerical experiment has shown a huge advantage of mechanism of class IV to design a new mecha-
nism for mechanical engineering and robotics.

Keywords: kinematics, dynamics, mechanism of high class, mechanical engineering, robotics.

Introduction. The modern theory of analysis and synthesis for lever mechanisms of lower class
(class II) is complete and theirfeatures are studies and used in practice. Therefore, a significant break-
through in the design of new machinery and equipment is possible in the way of upgrading the facility.

The exploration of mechanisms of high class was started with well-known Assyria’s work [1].
Academicians Artobolevsky L.I. [2], Zholdasbekov U.A. [3] and a lot of other scientists made their
contribution into the further development of the theory of those mechanisms. In these works, the benefits
of mechanisms of high class compared with mechanisms of lower class (class II) were established based
on geometric and approximate methods.

The kinematic-dynamic model for mechanism of highclass is described by differential-algebraic
equations (DAE).Some questions of the investigation of DAE are given in [4-6].

The complete analysis of mechanisms of high class involves the simultaneous solution of kinematic
and dynamic problems. According to the classical theory of mechanisms and machines,a separate solution
of complex problems is considered. Planar lever mechanism of class IV as the basic mechanism out of all
mechanisms of high class and in much the same way a four-link mechanism out of mechanisms of lower
class II are going to be studied.

This work is devoted to the development of a new calculation theory for the underlying mechanism of
class IV done based on the theory of differential equations.

In the second part of this work, we consider singular differential-algebraic equations and a power
analysis of these mechanisms.

The proposed methods, algorithms and the held computational experiment made possibilities to
identify the unique characteristics of the above mentioned mechanism of class IV and their use in various
scientific and technological fields (in the mechanisms like departure chassis of an aircraft, load-lifting
cranes, presses, robots and other devices).

The common model for mechanism of high class. Suppose the mechanism of high class (MHC)
consists of n moving links. Numbers of output links vary from 1 to n-m, and the number of input ones
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varies from n-m +1 to n, m is the number of input links directly related to drive units (Figure 1). The
proposed mechanism of the numbering units enables the use of vector-matrix notation in solving various
equations in kinematics and dynamics.

Then the general model for mechanism of class IV (n=6, m=2) is represented in the form:

— differential equations of this mechanism’s dynamics having two degrees of freedom (two
generalized coordinates) are:

Lm(QDKP)(Pk + Lm(q’, 0)Pr + Lo (8.6) = Qe (1)
and having the initial conditions
i (to) = P, Pr(to) = @y, k=5.6 2)
equations of kinematics in the differential form are
¥4 Q11 Az Q13 Qge\ "t /D11b1y
P2 | _ [ %1 Q22 Gz30z4 by1by, (‘{’6) 3)
@3 (31 Q3 (33034 b31b3; | \@s
P4 Q41 Q42043 Q4q by1b4s

where ay; = L1yy, a1 = LYy, ai3 = 13y3, a14 = 0,ap1 = 11Xq, Gz = Xy, a3 = l3Xx3, Az =0,

—_ * * — — * * — — * * — —_ * * —_
asy = liy1, a3 =0, aszz3=13y3, Q34 =1Y4 a4 = Ux], a4 =0, au3 =103x3, Qg4 =14y,

b1y = leYs, b1z = —lsys, by =lgxe, bap = —lsxs, b3y = b1y, b3y = byy, bag = bay, byy = by,
a11 Q12 0413 Q14
A= Az1 Gz Q304

a3y QAzz Q3303 |
Q41 Q42043 Q44
Here, we introduce the following notation:@,pare the vectors of the angular coordinates and
velocity of the input links 5 and 6; x; = cos;,y; = sing;, @;- are the rectangular and angular
coordinates of output links (i=1,2,3,4); x; = cos (¢, + a1), Y1 = sin (¢, + a1),x3 = cos (@3 t a3),
y3 = sin(¢@3 + a3) — are the rectangular coordinates of basic links 1 and 3, Qs, Q¢ are coerced moments to
input (leading) links. L is Lagrange function (Lagrangian),

1., . s —

where m are vectors of masses of mechanism’s moving links,m, hare vectors of dimension n, h=I[sin,l is
the vector of moving links for the mechanism of class IV, which is determined by the equations of
kinematics, H(qG) is the order matrix nxn of the whole mechanism’s kinetic energy, g isa gravitational
acceleration. According to S. Koenig theory we define that for mechanism of class IV the Lagrangian
L = K — P which consists of kinetic and potential energies.

Task 1. Solve the general model (1) - (3) for mechanism of class IV using Runge-Kutta’s method for
|A] # 0.

The solution of the problem allows determining position and speed of all linksfor this mechanism in
the time interval T = t; — t,. However, even in the determination of the Lagrange operator of type 11
(complete calculation of the system’s coefficients (1)) you cannot apply Runge-Kutta’s method to the joint
decision of systems of differential equations (1) and (3), since initial conditions (initial values of angular
coordinates of output units 1-4) are unknown in the system (3). In the beginning, we have to find initial
conditions

®1(to), @2 (to), P3(to), P4(to) 4)
starting with kinematic(trigonometric) equations:

[, cosp, +1,cosp, +1;cos@, + [ cosp, =1, cosp, —1,cosp, =0
[, sing, +1,singp, +1;sing, +1;singps — [, sinp, —[,sinp, =0 5)

I cos((p1 - )—l; cos((o3 +a, )+ [, cosg, +1 cosps — I, cosp, —1,cosp, =0

I sin(go1 - al)— N sin((o3 + a3)+ [ysing, +I;sinp, — [ sing, — 1, sing, =0
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Thus, a general model (1), (3) of mechanism of class IV can be represented by a system of diffe-
rential equations of order n + 2m in the normal form of Cauchy:

-

x=fx1) (6)

x(ty) = x, , (7)

where f(x,t) is the known vector-function of dimension n + 2m, X; = @q,X; = @y, X3 = @3,
X4 = P4, X5 = P5,X6 = Ps, X7 = P5,X3 = P, = 4,m = 2.

The equations of the system (6) are represented by differential equations (3) of the kinematics and
dynamics (1) in normal form of Cauchy. The initial conditions (9) of the system of differential equations
(6) are equal to initial conditions (4) and (2).In these differential equations (6) the massand inertia
characteristics of mechanism of class IV are taken into account.Finally, the positions and velocities of all
the moving links of mechanism of class IV are defined addressing the system of differential equations (6)
having the initial conditions (7) using Runge-Kutta’s method. At the same time, the solutions must satisfy
the equations of kinematics (5), otherwise we have to use Runge-Kutta’s method with a variable step. This
is a brief essence of the proposed method of immersion.

The kinematic method for the mechanism of class IV. We go to the determination of initial values
of angular coordinates (4) of output links 1-4 when initial values of angular coordinates (3) of input links 5
and 6 for the mechanism of class IV are given. We just note that the differential equations (3) are derived
from the trigonometric equations (5) describing the positions of links for mechanism of class I'V.

Task 2. Define the initial values of the angular coordinates of output links 1-4 of mechanism of class
IV at the initial value of the angular coordinate input links 5 and 6.

Excluding the angular coordinates ¢, and ¢,the system (5) takes the form:

Having the initial conditions

Aixi + By =G
Axx1+Byy1=Co (®)
x12 +y12 =1
where
X, =x,cosa, +y,sina,, ¥, =x, sina, —y, cosq,,
Xy =X,008Q; — y;Sina,,  y, =Xysina, + y, cosa,,

Ay = 2(-Isx3 + [sxs - lexs - loxo )1, B1 = 2(-L3y3 + Isys - leys - loyo )y
C = 122 _ll2 _132 _(lsxs —lgxg _loxo)2 _(lsys —Lsys _loyo)2 +
+213x3(15x5 —lgxg _loxo)+213y3(lsy5 1Ly _loyo)a

Ay =2(=Lxy + Loy = Lxg — 1 )1 cosat, = 2(= Ly, + Ly, — Ly, — 1oy, )1 sing, ,
By =2(=Iix, + Lxg — Ix, — Lyx, )I; sinat, +2(= Ly, + 1y, — 1.y, — Iy, )Il cosa, ,

C, =1 —1 _1;2 - (15x5 —lxg —lox0)2 —(15y5 —lsys - loyo)2 +
+20 (15x5 —loxg —1yx, )x; + 213*(15)/5 —1lye =1, )y;
The originality of the approach [7] is to switch from the system (8) after an application of the uni-
versal substitution to the system of quadratic equations:
(A, +CHu? —2Bju+C,— A, =0 ©)
(A, + CHu? = 2Bu+C, — A, = 0.

Initially, we must determine the real solution of the nonlinear system (9). For this purpose, we define
the discriminants of the equations (9)

D, = A + B} — C{,D, = A5+ B — C3
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and conditions of the system solutions’ reality (8)
D;>0,D,>0,0rD; =20,D, >0,0rD; > 0,D, = 0.

Discriminants are algebraic inequalities of the fourth degree regarding the variable x3 = cos¢@s; or
y3 = sing; . Therefore, it is easy to determine this variable’s exact ranges based on higher algebra.

N
v @3
L as I
I_*
) 1—4
T
1_1 ?1
a1 1—6
_ 7 P4
I I .
6

05 “s Iy

Mechanism of class IV having rotational and serial pairs
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The common algorithm for solving the dynamic and kinematic problems of the mechanism of
class IV. Fundamentals of the above offered theory have formed the basis of algorithms and programs
determining dynamic and kinematic parameters of the mechanism of class IV.

Step 1. Input of data:p(ty) = @2,

L,li,hL,L, 1L, s, ll*a l;, a, 05, ls=0.

Step 2. Determination of the initial conditions ¢4 (ty), @, (ty), @3(ty), @4 (ty)on the basis of the
method of kinematics (10)-(12)

Step 3.Start Runge-Kutta’s method to determine all angular coordinates and speeds for the
mechanism of class [V:

®1(t0), 92(to), 93(to), Pa(to)andp, (to), @2 (to), P3(to), Palto)

Step 4. Output of results.

We found the position, speed of links and reaction forces in joints for mechanism of class IV on the
basis of the developed programs.

Discussion of results. Initially, we represent the scientific value of the developed analytical methods
for calculating kinematic and dynamic parameters of mechanism of high class. For the first time necessary
and sufficient conditions for the existence of real solutions of the kinematic and dynamic general model
describing the position, speed and inertia characteristics of all moving parts of the mechanism of class IV
have been found.

Kinematic and dynamic tasks are reduced to the study of non-linear system of ordinary differential
equations. Today, the generalized force - control (moment-control) can be determined on the basis of
control theory. In the final analysis all these problems are solved by the Runge-Kutta’s method. Power
analysis makes it possible to calculate the strength of the mechanism of class IV parameters and to select
the power for the desired drive unit. Thus, a fresh approach to make a simultaneous solution of kinematic,
and dynamic problems of the mechanism of class IV is offered. The obtained results are easy to apply to
mechanisms of high class with a larger number of closed contours. The importance of the fundamental
scientific result presenting in brief the theory of mechanisms of high class liesin its practical application.
The question always arises: how to use the theory actually proposed in a compressed form, and the unique
properties of these mechanisms in the design of new devices and machines.

For the first time the programs on the Delphi’s language calculate position, velocity inthe mechanism
of class IV with any desired accuracy.

The results of program on the position and velocity of links for the mechanism of class IV

Initial data: Ly =10cm, L; =2cm, L] =2cm, L, =8,268cm, L3 =Scm, L5 =5cm, L, =5,9133cm, Lg
=4cm,Lg =0, a; =60°, a5 =30°, @y =0, & = 0,001, Psmin =70°, Psmax =105°, Gzmin =70°, P3max =100°,
h =0,05°, ¢5=0,01rad/s.

The program defines values of the angular coordinates of all remaining links at the possible ranges of
variation@smin =70° < @3 < @amax =100°, @emin = 70° < @ < Pemay =105°. Separately we give the
initial values of the angular coordinate of input link 5 @5 =90,0499999999989° and of output link3
©3=90,0499999999989" in accordance with which the movement of the mechanism starts. If we change
the angular coordinate @5 of input link 5 90,0499999999989° to 90,2499999999988"

The position and velocity of change for output links 1-4 are listed in table 1and table 2.

Table 1 — Angular coordinate of links formechanism of class IV

P1 P2 P3 Ps Ps
30.151212399452 -0.031675872130 90.0499999999989 12.928351949062 90.0499999999989
30.153170114784 -0.032123943447 90.0999999999989 12.907880756584 90.0999999999989
30.155201340299 -0.032593556243 90.1499999999989 12.887379206970 90.1499999999989
30.155693019626 -0.032636365534 90.1499999999989 12.879818673972 90.1999999999989
30.157800302286 -0.033107168760 90.1999999999989 12.859325664381 90.2499999999988
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Table 2 — Velocityof links for mechanism of class IV

¢1 ®2 ?3 P4
0,085501549459072 -0,0179259921115466 0,0241681781581009 -0,00757057156281362
0,0853804108253469 -0,0179268654072137 0,024138568162871 -0,00755344825048743
0,0852599951693558 -0,0179278751364108 0,0241091893026834 -0,00753641949441759
0,0852777526589473 -0,0179964249228941 0,0241643846455302 -0,00753728917467803
0,0852777526589473 -0,0179974850000152 0,0241350541017292 -0,00752029545151407

The computational experiment indicated that the mechanism of class IV has broad functionality.
These mechanisms can be used in various fields of science and technics. These mechanisms can be used in
the design of robots and cranes with high lifting capacity, mechanisms of departure chassis of a fighter
aircraft landing at high speed on aircraft carriers, heavy transport and passenger aircrafts landing on the
airfield, presses and hydraulic hammers at a significant rate of working body movements, and etc.

Conclusion. For the first time we make the following conclusions:

— a new direction is suggested in simultaneous calculation of kinematics and dynamics for mecha-
nisms of high class on the basis of the differential-algebraic equations;

— methods and algorithms for determining the position and velocity of links in the mechanism of class
IV are developed;

— a program for calculation of kinematic and dynamic parameters in the mechanism of class IV with
any given accuracy is written.
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B. Cunues', A. M. MyxanoBa®

'MeskmyHapOIHBIH YHHBEPCHTET HH(OPMAIHOHHBIX TEXHOIOTHiT, AnMatsl, KazaxcraH,
ATMaTHHCKUH TEXHOJOTHYECKUH yHUBEpCcHUTET, AnMaTsl, Kazaxcran

INPOEKTUPOBAHUE YHUKAJIBHBIX MEXAHU3MOB 1 MAIIIKH. 1.

AnHOTanusi. JOTa paboTa MOCBSIIEHA pa3paboTKe YHMCICHHBIX METO/0B pacyeTa KMHEMaTHYECKUX U JTUHAMU-
YEeCKHUX MapaMeTpoB IS MPOEKTUPOBaHUs MexaHu3Ma IV kiacca Ha OCHOBE ypaBHEHMM KMHEMATUKU U JUHAMUKU.
KunemaTtndeckue 1 IMHAMHUYECKHE MOJIEIM 3TUX MEXaHW3MOB ONMCHIBAIOTCS M depeHnnanisHo-aareOpandecKuMu
YpaBHEHUSIMUA. ODTH YPaBHEHHUS] OTHOCSTCS K CHHIYISIpHBIM I (depeHnnanbHbIM yYpaBHEHUSIM. BriepBbie MbI pac-
CMaTpHUBaeM aHAJIM3 JUHAMHKA M KHMHEMAaTHKH MEXaHM3MOB BBICOKMX KJIACCOB B COBMECTHOW (HOPMYIHPOBKE.
[TpoucxonuT KapAWHAIBHBIM IPOPBIB IIPU INEPEXOAe OT MEXaHW3Ma HH3ILIETO Kiacca K BBICOKOMY Kiaccy ISt
MIPOEKTUPOBAHMS HOBBIX MEXaHM3MOB U MamuH. [Ipeanaraercst HoBas KOHLEMLUS, OCHOBaHHas Ha Mmetone PyHre-
KyTra 11t MExaHH3MOB BBICOKOTO KJIacca, HAaIllPaBJIEHHAs Ha PellleHHe KNHEMAaTUKO-JUHAMUYIEeCKO Mojenu. Paspa-
6OTaHI)I METOAbI, aJITOPUTMBI U NpOrpaMMbl IJisI ONPEACTICHUA IMOJOKEHUA U CKOPOCTHU 3BCHBEB MEXaHMU3Ma KJjiac-
ca IV ¢ mo0oii 3a1aHHOI TOYHOCTHIO. UMCIIEHHBI AKCIIEPUMEHT I0Ka3ajl OTPOMHOE MPEUMYIIECTBO MEXaHH3Ma
IV xnacca aist pa3pabOTKH HOBOrO MEXaHHM3Ma JJIsl MAIMHOCTPOEHUS U POOOTOTEXHUKH.

Ki1ioueBble cj10Ba: KMHEMATHKA, AMHAMUKA, MEXaHU3M BBICOKOTO KJIacca, MalIMHOCTPOCHHUE, POOOTOTEXHHUKA.
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B. Cunues', A. M. Myxaﬂona2

1)(EL]'H:IKa.pEU'II)IK AKIIapPATTBIK TCXHOJIOIUIap yHI/IBepCI/ITCTi, AJ'IMaTLI, Ka3aKCTaH,
2zAs.l'IM.':lTI;I TCXHOJIOTHUAJIBIK yHI/IBepCI/ITeTi, AJ'IMaTI)I, Ka3aKCTaH

BIPET'E MEXAHU3M/IEP/I ’)KOHE MAIIIMHAJIAP/IBI ’KOBAJIAY. 1.

AnHoTanus. J)KyMbIC KHHEMaTHKa MEH AMHAMHUKaHBIH TeHAEYJepiHe HerizaenreH IV kiacc jkaHa MeXaHM3MIH
’Kacay YIIIH KHHEMaTHUKAIIBIK KoOHE JUHAMHKAJBIK IapaMeTpiiepiH ecenTey/IiH CaHIbIK dAiCTepiH a3ipieyre apHai-
raH. bys1 MexaHuU3MIep/IiH KHHEMATUKAJIBIK JKOHE TUHAMUKAIBIK YIriiepi TudQpepeHIuanbK anreopaiblk TCHISY-
JepMeH cumarranansl. by Tenaeynep cuHryisipibsl quddepeHunanapK TeHaeyiepre xKaraabl. bipieckeH TYXKbI-
prIMIamMaa JKOFapbl JEHIeHal MeXaHW3MAEpIiH AMHAMUKACHIH JKOHE KMHEMaTHKa aHAJIM3IH aJiFall pPeT KapacTbl-
pambi3. JKaHa MexaHM3Mep MEH MallnHajapAbl Ko0ajay YIIiH TOMEHT] CHIHBIIT MEXaHHU3MIHEH >KOFaphl CHIHBINKA
Kely/iH TyOereiini cepminici Oap.KuHemaTnkanblK-IMHAMUKAIIBIK MOJEIJBAI IIeyre OarbITTalFaH >KOFaphl Jdpe-
ke MexaHm3mzaep yiriH Runge-Kutta omicine Heri3menreH xaHa TYKbIpbIMIaMa YCHIHBUIIBL. CBHIHBIITHIH [V TeTi-
TiHIH Ke3-KeJlreH JNAIKIeH OalTaHbICTapbIH JKOHE KBUIIAMABIFEIH aHBIKTAY SJiCTepi, alropuTMaepi xoHe Oarmap-
nmamanapsl o3ipneHai. CaHIBIK SKCIEPUMEHT HHXCHEPIIIK JKOHE POOOTOTEXHUKAHBIH JKaHA MEXaHU3MIH Kacay YIIiH
IV xyracTbl MEXaHU3MHIH YJIKEH apTHIKIIBUIBIFBIH KOPCETTI.

Tyitinai ce3nep: kMHEMAaTHKa, TUHAMUKA, )KOFApbI IOPEXKENi MEXaHNU3M, MAIIIHA jKacay, pOOOTOTEXHUKA.

CaBejeHust 00 aBTOpax:

CunueB baxtrepeit — n.1.H., mpodeccop, MexayHapoIHbI YHHBEPCUTET HH(MOPMAIMOHHBIX TEXHOJIOTHH,
e-mail: sinchev@mail.ru

MyxaHnoBa Akcyny MyxamOeTKalueBHa — K.T.H., H.0. IONIEHTA, AJIMATHHCKHI TEXHOJOTHYECKUI YHUBEPCUTET,
e-mail: nuraksulu72@mail.ru
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