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Abstract relocated at one end of the corresponding scale. These
algorithms take into account elasto-plastic properties
An improved model having new, more realistic, propf the material that the contacting bodies are made of,
erties is constructed with use of previously impleyus a variety of boundary conditions of different types
mented approach for building up a model of the spf]. Such high accuracy simulation models simultane-
involute gear dynamics. First of all, an algorithm fagysly require significant computational resources. One
contact tracking of cylindrical surfaces directed by ifnight point out different simplified models, see e. g.
volutes was rearranged. This algorithm is “simply2], on the other end of the scale. These models pro-
reduced to tracking the two involutes. A result is thgide the highest efficiency.
common line normal to these contact curves alwaySthe compromise model presented in [3] might be
coincides with the line of action. This property permitg,nroved upon in a way so as to take into account es-
obtaining direct simple formulae for contact comput@gntial properties of real gear: (a) backlash, (b) contact
tions. multiplicity. The latter property is always provided in
A backlash in gearbox is also taken into account jgg| gears in order to prevent jamming in teeth. In ad-
the model under consideration. This means that a '%‘Fﬁon, the contact tracking algorithm turned out to be
of contact between the teeth is possible as gearwheglgpiifiable and simultaneously essentially accelerate-
rotate. This may then cause an appearance of a CONggt in the case of the involute mesh. For definiteness,
patch during the reversal. Furthermore, a dynamicgd yse the Johnson [4] model for the cylindrical bod-

reasons may force the mesh process to return to {¢contact as was previously done [3] for the case of
former mode of the forward stroke and so fourth. Aﬁpur mesh.

such scenarios for switching modes are implemented
in the model in a unified way.

A time overlapping of contacts between teeth pai? Preliminaries
is used to ensure the mesh reliability. This property Is

also implemented in the dgscrlbed dyn'amlcal mOdEJISing methodics [5, 6] previously developed for com-
New contact of the next pair of teeth arises and st ter modeling of the rigid bodies 3D-motions let us

![ts rtnlotlon altc;:g ;[_he Imtetﬁf aCt'.O? b;aftorir:hde_ old co onsider planar motion for bodies of cylindrical shape,
act leaves 1nis line at the point ot tee ISeN9aYnoted ad andB in our case, in the plane orthogonal

m?(nt. ds: - involute: h " to generatrix of cylinders. We connect this plane with
EYWOras. spur gear, InvVolute, Mesh properties,, o ygitional bod{, see Figure 1, an auxiliary frame
tracking algorithm; mesh ratio; multiple contact

'Ocxyz of coordinates is assumed to be rigidly con-
backlash nected with that latter body in a way such that cylin-
drical generatrix is always orthogonal to the a®isz.
1 Introduction One might express this latter requirement using the
following geometrical conditionky = kc (a = A, B),
One can highlight two poles among all approacheswiereky (a = A, B,C) are the unit vectors defining
computer modeling and simulation of the gear dynaitine axe0,z connected with the bodieas= A,B. To
ics. Computational algorithms of high accuracy aensure the motion of the bodies in the plane parallel
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to the planeOcxy let us require a fulfillment of yet plate, being further constructed in this paper.
two more algebraic conditions for the bodiksndB

z-coordinateszp, = const Zo, = const All the coor-

dinates are given with respect to (w. r. t.) the syst
Ocxyz

o, Account of the backlash

First of all, let us simplify and as a consequence essen-
tially accelerate a performance of the previously im-
plemented algorithm of the contact tracking for two
involute surfaces of the teeth pair at the contact for the
spur gear meshing. Such a simplification allows us
building up the mesh model quite easily for the mesh
ratio greater than one, and simultaneously accounting
for the backlash.

As was found earlier [3] that in the case of the in-
volute mesh the sought poirfis andPg, see Figure 1,
lying both on the perpendicular common for involutes
of gearwheels teeth in vicinity of contact, are located
simultaneously on the mesh line of actiBRKg, see
Figure 2. Evidently, the common perpendicular men-
tioned above also coincides with the line of action
KaKg. Thus, from the geometric point of view the
pointPa lies permanently in time on the intersection of
the gearwheel tooth involute and the liKgKg. Simi-
lar statement takes place for the pdhgat it lies on the
intersection of the gearwheBltooth involute and the
same line of actioiKaKg.

World (absolute)

Figure 1. Coordinate systems for the model: (a) be~~
frame of referencegxoyozo; (b) the gearbox hous-
ing coordinate systemcxyz (c) the pinion coordi-
nate systenOaxayaza; (d) the gear coordinate systen
OgXgYBZ8

One can easily implement algebraic equations er
merated above in implicit form. To fix the bodiés
andBw. r. t. the bodyC one can use, for instance, cor
straints of the joint type [5, 6]. In this case the boc O \
C itself performs arbitrary 3D-motions being regarde @4
as a convective motion w. r. t. certain inertial frame «
reference. Thus calling the bodyas the reduction-
gear housing is quite natural, if the bodi®andB are
models of gearwheels. After the reduction to the pla
Ocxy performed above building up a technique for tr
cylindrical bodies using 2D-geometry properties [3] is
quite natural as well. Figure 2: Gear mesh for forward stroke

Note that all the bodie, B, C in the model perform
their 3D-motions according to the spatial dynamics Thus in case of involutes computing coordinatgs
of rigid body encapsulated in the corresponding baaed ss of points Py and Ps respectively on the strait
class. And relative cylindrical symmetry of bodi8s line KaKg replacing a cumbersome algorithm using
andB w. r. t. the bodyC is kept due to the reactiondifferential-algebraic equations is sufficient for contact
forces between them. These forces are generatedtdyeking. One can compute coordinatrsss with an
namically in an acausal mode due to kinematical cagxtremely simple procedure, see Figure 3.
straints encapsulated in a contact class, rather a tenl-et the coordinates,, sz denote the distances from
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They are indeed the angles of rotation for wheels’ teeth
w. r. t. the axisOcx. These teeth are supposed to lie

currently in the zone of possible contact. This zone is
defined by the conditiofa € [®amin, Amax]-

Formulae from above have to simply switch con-
tact in the same sense as it was arranged in [3]. The
following approximate rule is used: at the very same
moment when the contact patch “instantly vanishes”
behind an upper or lower limits of admissible segment
[Pamin, Pamax this patch should appear immediately
on the other end of the same segment. For simplicity
the wheel is considered as a “leading” object respon-
sible for the event generation process.

the respective pointa, Kg. We assume values sf Thus a C“rfe”t contact object O.f the T“Ode' jumps”
sg at these source po,ints being set to zero ThL;s %rthe nextpair ofteeth oven— 1 pairs being currently
sa+Ss > L — |KaKs| @ contact takes Iace' and foll contact if the object individual anglga of tooth
sA+sB ZLthe ct\)ntBact < absent. In thF:a et case grotation goes out of its admissible limits. Recall that
A . . T .
. o is the mesh multiplicity, and in general we assume
depthh of the bodies mutual penetration is computem -1 plctty g
by the simple formuldh =L —sy—sg < 0. Leftar- = o
rows in Figure 3 show a direction in which the contact Limit Values amin, ®amax for angle of inclination
patch moves for the forward mode and as pinion 8t @n involute at contact for the current pair of teeth
tates clockwise. are computed with natural restrictions being imposed
When computing the valuethe pair of teeth being ©n the contact area. Minimal valgemin corresponds
in contact is under analysis. In case of forward strol@the final pointb of contacting along the line of ac-
we assume for definiteness that the whaepinion, ton for the case of forward stroke, see Figure 2. One
rotates clockwise while the wheB) gear, supposed tocan see easily that the valggmin is computed by the
rotate counterclockwise. The anglgs, ¢g of rota- formula
tion of the bodied\, B respectively are defined by the o |Kaa| + |ab|
axis Ocx of the gearbox housing and by the axes be- PAmin = Olw — ’
ginning from bodies’ point®a, Og and going through

the points of their bas_e circles where corresponding ifb'rresponding to the selection of poiatandb where
volutes “grow”, see Figure 2. the contact process of starts and ends respectively. One

Furthermore, if the whed, for definiteness, rotatesmight find details for such matching in [3]. Heug is
such that the angléa appears outside its admissiblg, . pressure angle, amgh, is the wheelA base circle
limits (being defined below) then the model generatggy; s Equation (1) has a simple geometrical expla-
an event corresponding to fulfilment of the conditio, i see Figure 4. Indeed, consider the pinion base
OaE [Pamin, Pamad. INsuch a case the values of anglg§cie |t arc length from the poifks downwards to
0a = Pa, P = Pg are to be automatically correcteqhe position corresponding to the angigmax should
according to equations (we assume that contact of H@equal to the segmelita, b] length according to the

forward stroke exists currently): known involute property. This circumstance leads im-

Figure 3: Contact tracking coordinates

(1)

I'Ab

+ _ - + 4 mediately to property (1). We recall that the pdirdan
=05 +MAPA, =¢g —MA - : : M
ba =2 ba. b5 =05 b the gear mesh line of action defines the position where
for the case oba < damin and equations: contact patch vanishes.

_ _ If the wheel A angular positionpa = ¢amin COI-

a =0a ~MAa, g = ¢5 +MAdp responds to the instant for contact finishing then the
for the case ofpa > damax HereAda, Adg are an- angleda = damax has to correspond to this process
gular widths per one tooth of the whedisandB re- beginning for the current pair of teeth. One easily
spectivelymis the mesh multiplicity (the least integef€€S that the assumptidimax = amin + MAPa has
greater than the mesh ratio). Note that the angles t0 hold.
and ¢g are not exactly the bodies angles of rotation. Similarly, obtaining formulae for computation of
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Pinion base circle

—\_;—'—’—'_F/
Figure 4: Limit anglepamin
the pointsPa, Ps coordinatesa, sz as will see the forward stroke in cases of the pinidn

clockwise accelerated and counterclockwise deceler-
sy = { Fap(Qw—@a) fOr Oa < ow, ated rotation. Similarly, reversal takes place in general
0 for ¢a= 0w, if pinion A accelerates when rotating counterclock-
& = rep(Qw+T1—¢p) for ¢p < M+ ay, wise and decelerates simultaneously rotating clock-

0 for ¢ > 1+ 0y, wise. Simplifying formulations let us call the rotation

with line of action shown in Figure 2 as the forward

\(;Vi?fifjlftsb is the wheeB base circle radius, is not Verystroke. Likewise, the rotation with line of action mir-

rored w. r. t. the axi®OaOg of Figure 2 be called as
One has to provide additional contact (betwe A~B g

. ) Qversal. The reversal requires correct switching be-
wheelsA and B) objects to take into account all th d g

ol tacts of teeth pairs if th h rati Sween pairs of teeth, as well as, it was implemented
possible contacts of teeth pairs if the mesh ratiods . ¢ o4 ctroke.

greater than one. To simulate the gearbox forwar L o
stroke one has to provide generaitynstances of such hen contacting in reversal mode switching of the
teeth pairs takes place if the contact patch leaves the

contact objects. . . .

) : . segmen®’ly of line of actionK,Kg, see Figure 5, or
Furthermore, clearly, if contact of teeth in the for6 the point’ or throuah the poin’. For that one has

ward stroke vanishes then it is almost evident that col- P g P :

tact of reversal arises. This latter arises betweenciﬁeapply the same relatlon_s qs above replacing the seg-
ent[damin, Pamax] Of admissible values for the angle

teeth pair closest to contact lost before and being [BS ) ; ;
cated through the tooth trough on the involutes of ti}é bylthe s_egmer{tbAmip, ¢ATX] for the anglap, such
teeth sides previously unused in the forward stro 18tOAmin = ~Pamax Pamax = ~Pamin-
mode.

To simulate the reversal one has to use line of actian

derived from the line of Figure 2 by mirroring it w. r. t.

the axis connecting point®y andOg. All the mesh . . .
Ejrewously mesh ratio was supposed equal to one in

Case of multiple contact

geomgtrlc properties considered for the forwgrd stro ee simplified model of the gear mesh [3]. This means
are mirrored for the case of reversal. In particular, ¢

. . . that exactly at the moment of contact loss at the point
ordinatessa andsg for this case have expressions . .
b new contact at the poirat arises. Such an arrange-

o — Fab(Ow—+®a) for ¢a> —oy, ment leads frequently to a IQW reliapility of a gear-
nT 0 for ¢a<—aw, box as well-known however in practice, mostly due
to jamming caused by manufacturing errors. Due to
B rep(0w—Ti+¢g) for ¢g> 11—y, . i :
S8 = { 0 for g < TT— Oy this reason ensuring a reliable gearbox work one pro-

vides overlapping for time intervals of contacts in teeth
Note that what we have meant under “the forwaghirs. Namely, new contact at the poarises earlier

stroke” or “reversal” is not a kinematical propertyhan the current contact vanishes at the pbint

whether to rotate clockwise or counterclockwise butLet us return to the example being analysed in [3]

it is a dynamical property switching into work/contaathere a virtual setup for computational experimenting

between driving/driven surfaces of teeth. Thus, weas constructed, see Figure 6 and also Figure 1 for ge-
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o Aya = 211/za, Ay = 211/ 75 are the pitch angles of
the pinion and gear.

For further definition of the gear mesh choosing the
pressure angle value is important. This value has to
satisfy the conditiom,, > Qins, Whereayins = infay,
is the lower bound for all possible pressure angles
which are admissible by parameters selected above.
One can compute this bound according to the formula

21
Qwinf = arctan———.
winf ZA(1+ n)

The lower bound obtained above is a simple conse-
guence of the mesh natural condition

IKaKg| > |ab].

Figure 5. Gearmesh for reversal mode

For definiteness let us choose the value

ometry of the whole construct. This setup consists of Ow = 2.80inf.

two gearwheels: piniod and geaB. For simplicity

we assume the gearbox housi@dfixed w. r. t. the  Furthermore, with the help of the pressure angle
base body of a whole multibody system. Furthermonglue and the value of the transmission ratio we can
origin Oc of an inertial frameOcxyzof reference coin- compute all the geometric parameters needed shown
cides with the piniorA center where the revolute joinin Figure 2. Firstly of all one can obtain radii of base
which connects bodies andC is located. The gearcircles as

B center locates on the horizontal akisx. There ex-

ists the second revolute joint connecting the b&ly fab =TaCOSAw (0 =A,B).

and auxiliary slidelS. The sliderSin turn may freely
slip w. r. t. the bodyC along the axi€Ocx. This slip-
ping however is decelerated by a spring of very lar
stiffness. The spring connects the bodeandSthus
providing a compliance between the bodigsndC
through the intermediate slid&r This compliance has ot the same time, the length of any segment of con-
direction along the lin@,Op connecting the wheelsiact[a, b) c (KaKg) along this line is exactly the length
centers and coinciding with the ax@ix. Such a con- of the hase circle arc corresponding to the pitch angle

struct prevents static indefiniteness in the modelfortﬁgA or Ayg for any wheel of the gearbox. Thus we
case of the rigid point-contact in the gearmesh of thg,e

Then one can compute full length of the line of action
Jﬂethe following way

|[KaKg| = ra(14 n)sinay,.

wheelsA e_de}. o |g6| —rabdya (0= A,B).
We define in the model the following independent
parameters: One easily computes the distance between wheels
centers as = rp+rg. For computing initial condi-
e 75 = 20is number of the pinion teeth; tions in the model performing additional calculations

is necessary. Suppose for definiteness that the coor-
dinate systenOcXcYczc has its origin at the poirDa

of the pinionA center:Oc = Op, so that these points
initial absolute coordinates coincide. Thus

Other (dependent) geometric parameters are com-

e 7z = 30is number of the gear teeth;

e rp=0.2m is the pinion pitch circle radius.

-
puted as follows roc =ro, = (0,0,0)",
e Nn=23/z, is the transmission ratio; and the initial position of the gear center is defined by
e g = Nnrp is the gear pitch circle radius; rog = (L,0, o).
DOl Proceedings of the 9" International Modelica Conference 315
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Pinion pitch circle
Platform — <

Grear pitch circle

NV SANAN

Figure 6: Virtual setup for computational experiments

Initial positions of the point&a andKg are com- plus two for reversal. Visual model of the experimen-

puted by vector formulae tal setup is represented in Figure 7. HE@ntactfl
and Contactf2  are objects for the forward stroke,
fka = TOx+Tab(COSDy,SiNCY,0)T, and Contactbl andContactb2 are ones for re-
s = TFog—FBb(COSO,SiNCy,0)" versal. Thus as a result models for the pinion, the left

wheel object_eftWheel , and gear, the right wheel
being deduced easily. Furthermore a directing veci¥jectRightWheel , each has four input ports for in-
for the line of action is defined @6aKg = rx, — .. formation about wrenches arising at patches of an elas-
So that the contact starting potnitial position may tic contacts. ObjecPlatform  simulates dynamics
be defined as of the base body (absolute world), gearbox houging

(relative world), having a predefined motion, resting in

la="rk,+ } (\KAKBI \ab\) KAKB our case. Thus two mentioned worlds coincide for the
2 KaKs| model of Figure 7.
and the initial position for the poirtitof contact finish- : ‘ |
ing as N e e
]ab] Q ’ ,
=la+ — KaKs
fb at | A B‘ AT Contattf2 ContaCth2 Conta tf1

Let us take into account that the distance betwe
the pointsa andOg is exactly equal to the addendun
circle radiusrg, for the wheelB, and the initial dis-
tance from the poinb to O, is equal to the addendunr
circle radius a4 for the wheelA. Namely

raa=|lb—rox, rea=|ra—Trogl-

To ensure overlapping of the mesh cycles for whet
with transmission ration = 3/2 let us consider the
case withzy = 22 and zg = 33 providing the same
transmission ratio. Note that the real angular widths

App = /11 andApg = 211/33 for teeth become less Figure 7: The testbench visual model
than their nominal, pitch, widthdy, = 11/10 and
Ayg = 211/30. Note that each contact object mentioned above

Simultaneous coexistence of two contacts in thsorks virtually independently. Coordination of their
model obtained requires, both in the forward stroka/off switching is achieved using proper and correct
and in reversal, the use of four contact objects in thelection of initial conditions for the state variables in-
mesh computer model — two for the forward strok&de contact objects. In case of our dynamical example
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these conditions are defined in the following way. will be situated on the same teeth as the surfaces

Angular velocities of wheels are assumed to be zebeing tracked by the obje€@ontactf2 . The only
For definiteness we also suppose that the bbdyis difference is that they should be relocated on other
Oaxa goes through the involute root point lying on thseides of the teeth mentioned, see Figure 2. So from
pinion base circle. This involute defines exactly thgeometrical point of view contact of reversal being
tooth surface, and initially it goes through the panttracked by the objecContactbl on initial stage
thus starting a contact. Likewise, the afigxg of the of motion should be located between the contacts
wheelB initially goes through the gedd involute root of the forward stroke being tracked by the objects
point. Contactfl andContactf2

At initial instant of time one pair of the wheels Note that for a particular tooth the radius vectors of
andB teeth is supposed to have contact at the paintthe involute root points (lying on the base circles) of
see Figure2, with a zero depth of mutual penetratiats two sides rotate w. r. t. each other exactly by an
For definiteness this contact is supposed to be in gregular width of one tooth without accounting for the
forward stroke mode. One can easily conclude fraimoth trough. Note that all angular widths are to be
Figure 2 that in initial position of teeth for angles ofounted along the arcs of the base circle. Denote these
inclination ¢, ¢ of radius vectors for the involuteangular widths of teeth btayig, tawig- Then one can
root points, lying on the base circles, the equations compute initial data in the obje@ontactbl by the

formulae
¢A(f)1 = atanZay,ay) — O, @) X f X f
¢B(1;1 = atan2ay — Yycg,a — Xcz) — OB, Bag' = Pag’ +lawid, PBo" = PBg +tBWid-

whereBp, 6 are the poing polar angles on teeth in-Leét us remark here that really at the initial in-

volutes, hold. These angles are computed in the forffant of the computational experiment the objects
Contactbl , Contactb2 generate zero-valued
/|a‘z_rib Fab wrenches of contact forces. All this is due to the
B = —arccos(), contacts absence for reversal mode though objects
FAb a| Contactbl , Contactb2 always continue to track
|a—rcg|?— réb 'sb the pointsPa, Ps inside each of them.
rBb —arccos<|a_ rcs| ) The objectContactb2 of the second contact for
the reverse mode has the following initial data for the
Thus wheels initial angles of inclination in the obyyolute angles of inclination (rather angles of incli-

ject Contactfl  are defined by formulae (2). Furnation of their root points radius vectors for the case
thermore, for the mesh ratio being greater than ongjf_ 2)

one pair of teeth starts contact at the pairthen an-

other neighbour pair being ahead of the previous one o by { ¢ for c> damin,
will have a contact somewhere on the segniart). Ao d for c¢<damin,
This latter contact is supposed to be defined in the ob-

g =

ject Contactf2 . Initial values of auxiliary anglesWherec = dalt — 2A0a + tawid, d = Pag’ + tayia and
da, g defining the angles of involute rotation for the

forward stroke (or reversal) and being respectively in Bgz _ { q for c> damin,
segmentgdamin, Pamax, [Pemin, PBmax] are to be dis- rfor c<d¢amn,

tanced from the angles of the obj&@bntactfl  ex- h f, f,
actly by the tooth angular width (which is smaller thaff 1¢7¢4= By +A08 +lBwid, ' = Py —Ade+ tawid-

the angular pitch of the gear mesh under simulation%.mfthe rl]atter equ?t;]ons Wehtakel '_n;[,o .ac:c:ourrl]t the fact
Namely, the following formulae that for the case of the mesh multiplicity for the rever-

sal mode there exist several possibilities, two in our

¢A52 — ¢A81 — ADa, ¢B(§2 — ¢Bcf)1 — Mg, (3) exa_lmple, of conta_ct implementations along the line of
actionK,Kg, see Figure 5.

are to be satisfied. Ensuring the initial data selection from above in the

An initial data selection for the objectobjects of contact we thus automatically provide cor-

Contactbl , Contactb2 servicing the rever- rect switching of modes of contact inside the objects

sal is not so evident. Indeed, involutive surfaces of thaed correct tracking for involutes contact switching

teeth pair being tracked by the obje€bntactbl in the process of wheels rotation. The built up mesh
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model provides a possibility to simulate motions gflemented in [8] contact objects have a class being
any type in the gearbox with any combination for coma template which has four class parameters responsi-
tact between teeth. This model enables us able to cble for implementation of. (a) geometry of surfaces
struct effectively the gearboxes virtual prototypes at contact; (b) model of normal elastic contact forces;
any complexity for the case of the spur involute geakc) model of normal viscous forces; (d) model of tan-
gent (ususally friction) forces. Visual representation
. of base template with empty sockets for the above four
5 Behavioral Model of Contact parameters see in Figure 8. The final derived class is
Object shown in Figure 9 with mentioned sockets filled, ac-
tually redeclared, respectively by the following model
Let us return to the gearbox visual model presentpdrameters: (a) involute cylinder — involute cylinder;
in Figure 7. It has been built with the help of earb) the Johnson contact model for cylindrical bodies;
lier proposed [5, 6] technologies for constructing ti{e) non-linear normal viscous model; (d) simplified
physically—oriented models. For each physically inf>oulomb model of friction for tangent forces.
plemented contact of the model there exists one ob-
ject of visual model, see Figure 7. Meanwhile, fror
the functional viewpoint there is no difference ho
contacts of specific type, Nos. 1 and 2 for the fo
ward stroke and Nos. 1 and 2 for reversal, are red
tributed over an array of unified contact objects. Tht
the same class code is able “to play a role” of conte
of any type within the spur involute gear model. |
virtue of the circumstances outlined above organizii
an array for all four contact objects in virtual mode
is reasonable. There should also be an array of fc
connectors reserved for transmitting data of wrencl
from contact objects to objects of bodies, the whee
LeftWheel , RightWheel in Figure 7. In this case
corresponding wrench ports are to be really arrays
ports [7] in objectd_eftWheel andRightWheel . . .

tangentForce

Figure 9: Final derived class for contact model of the
example

geometry The anglesha, ¢g of the wheels relative rotation
are fundamental properties of the contact model under
consideration. The anglig, is defined clearly in Fig-
ure 4. The anglég has a similar sense for the wheel

a B. These angles remain always bounded throughout

simulation: ¢4 € [Pamin, Pamax (@ = AB). Simul-
taneously for derivatives the equatiapg(t) = Wy (t)
are fulfilled almost everywhere fare [to,t1] wheret
is the starting instant of the simulation procetgsis

the instant of the simulation finish. Here the values
Yo (o = A B) are assumed angles of the gearwheels
rotation w. r. t. the gearbox housing. The variables

Yo (a0 = A B) are defined by dynamical equations of
Figure 8: Base template for contact model  the model. In general the anglg (t) may grow or
decrease infinitely. At the same time the angigét)
Note that according to the approach previously iralways remain bounded. The property described above
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Figure 10: Dynamical transmission error

is implemented using the technique of event procegéysical switching for teeth at contact for the gearbox
ing. model simulation.

Namely, in usual mode iy (t) € [Pamin, Pamax]
then we assume that the valgig(t) satisfies the dif-

ferential equation 6 Numerical experiments
dog  dy
(T: = dta (a =AB), (4) To verify an improved model of the gearbox numer-

where the derivative is supposed to be expressed '&31 experiments were performed 5|.m|Iar to th(_)se_ of
pending on state variables of the problem. When o work [3]. Graphs for the dynamical tra'nsmlssmn
of the eventsia (t) < darmin OF da(t) > Gamax OCCUIS error (DTE) and value of the normal elastic force at
then the initial condition of Cauchy problem is cofSontact were under verification. For DTE the current

rected immediately in the corresponding diﬁerentigl]Odel cIarlf_les the tw_ne depende_:nce tra_cklng as it has
equation of the system (4) at the instant t, of the been done in [9, 10] instants for increasing/decreasing
event according to the formula of the contact multiplicity. One can observe splashes

of the value under observation, DTE here, as it was
Gamax for Qa(t.—) =damin and  opserved also in [9, 10] at these moments, see graph
0

dalt,) = Pa(t—) < of DTE in Figure 10.
Gamin fOr Pu(t.—) = damax and The DTE graph for the previous model from [3] is
Pa(ti—) > 0. represented here by the blue curve (variable DTEL):

The technique of event processing outlined abotree mesh multiplicity is equal to one, and then the teeth
provides us with the correct model for simulatingontacts overlapping is absent. The red curve (variable
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Figure 11: Normal forces at contacts

DTE2) corresponds to the case of the mesh multipliwre applies the so-called restricted formulation of dy-
ity being equal to two. In this case there are time imamical problem with multiple contacts: for comput-
tervals for two simultaneously existing contacts, sé® the normal elastic forces at each contact one sim-
subplot zoomed in in Figure 10. Interval of two comply divides the total elastic force by the number of con-
tacts begins with the left splash. Then DTE instanttsicts being currently in action, see for instance [9, 10].
decreases because total contact stiffness increases hitbur current approach, on the contrary, we com-
two contacts. Right splashes correspond to the instpate normal elastic force at each contact individually
of the old contact vanishing. Then only new contafrom dynamics and with the use of the Johnson contact
remains. Anyway, in the case under description tharedel. So one may say that we have implemented so-
exists an overlapping in time for contacts. And yet ate-speak unrestricted problem for teeth contact of the
other observation: as one can also see from the graphr involute gear. The normal contact force behavior
an effect of overlapping causes a systematic shift abng the mesh cycle is shown in Figure 11.

the mesh cycle. Indeed, total duration of each individ-

ual contact mesh cycle remains the same as it was ir#n the' Figure 11 one exhibits the time erendence
case of unit multiplicity. At the same time the perioof—Or elastic forces being generated in two different con-

icity in meshing for the case of two contacts becomit objects C?f the model. One assumes n the case
shorter by the duration of ovelapping interval under analysis that the constant accelerating torque
' acts upon the pinio, while the geaB is under the

When exploring a behavior of the normal elaserque of viscous resistance which is proportional to
tic force we can observe yet another interesting ptibe value of the wheel angular velocity. The graph
nomenon. Usually following an engineering traditiopresents us yet another interesting, though quite nat-
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ural, observation: an engineering approach which has and of Planetary Gearboxes. In: Proceed-
been described above is indirectly verified by the exact ings of 2nd International Modelica Conference,
dynamical model with an unrestricted contact model Deutsches Zentrum fur Luft- und Raumfahrt e. V.
— values of normal elastic forces for contacts concur- (DLR), Oberpfaffenhofen, Germany, March 18—
rently existing turned out to be almost identical. This 19, 2002, pp. 257—-266.

observation takes place at least for the case of large
contact stiffness corresponding to the steel our ge
wheels are supposed to be made of.

Kosenko, I., Gusev |. Implementation of the spur
involute gear model on Modelica. In: Proceed-
ings of the 8th International Modelica Conference,
Auditorium Centre of the Technische Universitat
7 Conclusions Dresden, Germany, March 20-22, 2011, pp. 315—

328.
Comparing results obtained in [3] with results of cur-

rent work we can highlight the following properties: [4] Johnson, K. L.: Contact Mechanics. Cambridge:
Cambridge University Press, 2001.

1. The model is capable of simulating both the for- _
ward stroke and reversal of the gearbox takigl K0senko, I 1., Loginova, M. S., Obraztsov, Ya. P.,

into account a possibility of backlash between Stavrovskaya, M. S. Multibody Systems Dynam-
teeth. ics: Modelica Implementation and Bond Graph

Representation. In: Proceedings of the 5th Inter-
2. The model is capable of simulating the involute national Modelica Conference, arsenal research,
mesh with multiple contacts. Vienna, Austria, September 4-5, 2006, pp. 213—

223.
3. The most effective, for the case of involute as

tooth profile, contact tracking algorithm is implef6] Kosenko, I. I. Physically Oriented Approach to
mented in the model. All this is due to differ- Construct Multibody System Dynamics Models
ential or algebraic equations were excluded from Using Modelica Language. In: Proceedings of
the model, and only direct computations were in  Multibody 2007, Multibody Dynamics 2007. An

use. ECCOMAS Thematic Conference, Politecnico di

Milano, Milano, Italy, June 25-28, 2007.
4. To ensure an accuracy of the model of contact the

most suitable implementation turned out to be &fl Fritzson, P. Principles of Object-Oriented Mod-
array of contact objects. Coordination of their be- €ling and Simulation with Modelica 2.1. Piscat-
havior is provided by proper selection of initial ~away, NJ: IEEE Press, 2004.

conditions for the object variables. [8] Kosenko, I., Aleksandrov, E., Implementation of

the Contensou—Erismann Model of Friction in
8 Acknowledgements Frame of the Hertz Contact Problem on Modelica.
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