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Abstract: The aim of this research was to design a physically consistent model for the forced torsional
vibrations of automotive driveshafts that considered aspects of the following phenomena: excitation
due to the transmission of the combustion engine through the gearbox, excitation due to the road
geometry, the quasi-isometry of the automotive driveshaft, the effect of nonuniformity of the inertial
moment with respect to the longitudinal axis of the tulip—tripod joint and of the bowl-balls—inner
race joint, the torsional rigidity, and the torsional damping of each joint. To resolve the equations of
motion describing the forced torsional nonlinear parametric vibrations of automotive driveshafts,
a variational approach that involves Hamilton’s principle was used, which considers the isometric
nonuniformity, where it is known that the joints of automotive driveshafts are quasi-isometric in
terms of the twist angle, even if, in general, they are considered CV]Js (constant velocity joints).
This effect realizes the link between the terms for the torsional vibrations between the elements
of the driveshaft: tripode—tulip, midshaft, and bowl-balls—inner race joint elements. The induced
torsional loads (as gearbox torsional moments that enter the driveshaft through the tulip axis) can
be of harmonic type, while the reactive torsional loads (as reactive torsional moments that enter
the driveshaft through the bowl axis) are impulsive. These effects induce the resulting nonlinear
dynamic behavior. Also considered was the effect of nonuniformity on the axial moment of inertia
of the tripod-tulip element as well as on the axial moment of inertia of the bowl-balls-inner race
joint element, that vary with the twist angle of each element. This effect induces parametric dynamic
behavior. Moreover, the torsional rigidity was taken into consideration, as was the torsional damping
for each joint of the driveshaft: tripod—joint and bowl-balls-inner race joint. This approach was
used to obtain a system of equations of nonlinear partial derivatives that describes the torsional
vibrations of the driveshaft as nonlinear parametric dynamic behavior. This model was used to
compute variation in the natural frequencies of torsion in the global tulip (a given imposed geometry)
using the angle between the tulip—midshaft for an automotive driveshaft designed for heavy-duty
SUVs as well as the characteristic amplitude frequency in the region of principal parametric resonance
together the method of harmonic balance for the steady-state forced torsional nonlinear vibration
of the driveshaft. This model of dynamic behavior for the driveshaft can be used during the early
stages of design as well in predicting the durability of automotive driveshafts. In addition, it is
important that this model be added in the design algorithm for predicting the comfort elements of
the automotive environment to adequately account for this kind of dynamic behavior that induces

excitations in the car structure.

Keywords: homokinetic transmission; automotive driveshaft; quasi-isometry of driveshaft; nonlinear
parametric torsional vibration; method of harmonic balance; nonlinear parametric dynamic behavior

of automotive driveshaft; principal parametric resonance
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1. Introduction

The present work presents a consistent model to describe the forced torsional vi-
brations of an automotive driveshaft considering the following aspects: the joints of the
driveshaft are quasi-isometric in terms of angular velocity [1] even if they are generally
considered to be CV]Js (constant velocity joints); the effect of induced torsional loads such
as the harmonic entry moment from the gearbox [2] (p. 360) and the impulsive reaction
moment from the wheels [3]; the effect of nonuniformity on the axial moment of inertia of
the joints that varies with the angle of twist of each element of the driveshaft, and the effect
of the torsional rigidity as well as the torsional damping for each joint of the driveshaft,
which varies with the angle of twist of each element of the driveshaft. In the literature [4],
the nonuniformity in the isometric properties of automotive driveshafts is already a fact
recognized for more than half a century whose reality was demonstrated in experiments
performed by Steinwede for his Ph.D. thesis [5] (pp. 68-97). This nonuniformity in drive-
shaft isometric properties is undoubtedly the main cause of nonlinear parametric vibrations
of driveshafts in the range 0.1-12 kHz as established by experimental results documented
in the literature [5] (pp. 98-123). The first researchers who considered the special dynamic
phenomena of driveshafts were Mazzei and Scott, who enhanced the nonlinear parametric
dynamic behavior of a universal joint in their paper [6]. The experimental evidence for
nonuniformity of CVJ driveshaft transmission is presented and highlighted by Browne
and Palazzolo in [7]. Moreover, in Feng, Rakheja, and Shangguan [8], optimization of
the generated axial force (GAF) of a driveshaft system with the interval of uncertainty
was treated without considering the CV] isometry of the driveshaft, which is no longer
isometric, and this aspect has been certified by experiments using the vertex method
for analysis of the upper and lower bond (ULB) variation in parameters. In [9], Tiberiu-
Petrescu mentioned the angular velocity variation for a double-cardan transmission, while
paper [10] deals with the use of six sigma methodology for optimization of the cardan
shaft transmission of light truck driveshafts because, in the exploitation, it is necessary
to mitigate the vibration noise harshness. In [10], the authors mention the presence of
vibration noise harshness due to the driveshaft but did not research why these phenomena
were present. In a master’s degree thesis [11], the author developed a software based on
MATLAB’s Simulink to realize the modeling and simulation of vehicle kinematics and
dynamics, but the models of vehicle transmission were very simple and did not touch
upon special phenomena of vehicle transmission. The design and stress analysis for an
automobile driveshaft made of composite material is presented in [12], whereby the trans-
mission is designed in such a way that the researchers’ special phenomena that are not
well explained are avoided. In the literature, it is highlighted that an active steering control
strategy can be used to prevent vehicle rollover [13], or a hierarchical synchronization
control strategy can be used for the ARIS system to overcome the synchronization errors
induced by the wheels [14]. As can be seen, none of these examples addresses the nonuni-
formity from the geometric and kinematic isometry of the automotive driveshaft. In the
literature [15], some studies were conducted on optimizing the high-frequency torsional
vibration of vehicle driveline systems using genetic algorithms, meaning that the designers
and fabricants already found strange dynamic phenomena and tried to overcome these
problems. Other researchers tried to diagnose defects of the drive system based on the
vibration signal reference model [16]. Alugongo, in [17], continued the investigation of
Mazzei and Scott [6] and Browne and Palazzolo [7] but only for a cardan shaft, which has
already been demonstrated, by theory and experiments, to induce parametric vibrations.
Xu, Zhu, and Xia analyzed the amplitude-frequency characteristics of torsional vibration
for an entire automotive powertrain [18] using a model with 29 degrees of freedom. An
approach for the nonlinear torsional vibrations of the automotive drivetrain using a model
with three degrees of freedom is presented in [19], where the torsional stiffness and friction
moment of a clutch system were measured and used to calibrate the model. This model
in [19] is not a nonlinear parametric model of torsional vibration that depends on the mass
moments of inertia; the geometrical moments of inertia; the geometrical positions of the
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tulip mass center, tulip axis mass center, bowl mass center, and bowl axis mass center; and
nonuniformity in the geometric axial moments of inertia, mass axial moments of inertia for
the driveshaft elements, and geometric and kinematic isometry of the driveshaft. As can be
seen from the literature survey, the information concerning the details of CV] driveshaft
investigation of nonlinear parametric dynamic behavior, especially the MDPI journals, is
unfortunately very poor in presenting such subjects, not because it is less important for
the design area and automotive industry but because it involves a huge investment in
experimental research, most of which involves intellectual property, through patents, of
the biggest corporations in the car industry such as Renault, Daimler-Benz, BMW, GMC,
Chrysler, Audi-VW Group, etc.

The goal of this study was to establish a complete dynamic model for an automotive
CV] quasi-homokinetic driveshaft model that includes elements describing the nonlinear
forced parametric dynamic behavior. It is envisaged that this model can be used in the
early stages of design as well as in predicting the durability of automotive driveshafts.

A driveshaft is a mechanism that transmits a torque load from the gearbox to the
wheel, as can be seen in Figure 1. For a better geometrical understanding, let us look inside
the components of such a mechanism, shown in Figure 2, that consists of (a) the bowl-balls
joint fixed assembled with the car wheel, (b) the midshaft axis, (c) the tulip-tripode joint that
allows axial plunging of the tripode in the tulip and plunging assembled in the gear box.

Figure 2. Driveshaft in general detail.

Presented in Figure 3 is the schematical representation of an automotive driveshaft in
the three axes of Cartesian coordinates X;Y1Z; attached to the tulip, X;Y»Z, attached to the
midshaft, and X3Y3Z3 attached to the bowl, which having the following rigid movements:

- rotation with the angle @1 of the tulip with respect to the axis X1, @1 =0... nm;

- rotation with the angle ¢, of the mid shaft with respect to the axis Xy, 2 =0... n;7;

- rotation with the angle @3 of the bowl with respect to the axis X3, ¢3=0... nym;

- relative rotation of the longitudinal axe of the midshaft (given by the direction of the
axis Xp) with respect to the longitudinal direction of the tulip (given by the direction
of the axis X;), with 31 (spatial angle between axis X; and X,) with respect to the axis
Z1, 31 being the angle between longitudinal direction of the tulip and the longitudinal
direction of the midshaft, ; =0° ... 15°;

- relative rotation of the longitudinal axis of the bowl (given by the direction of the axis
X3) with respect to the longitudinal direction of the midshaft (given by the direction
of the axis X,), with 3, (spatial angle between axis X and X3) with respect to the axe
Yy, B2 being the angle between the longitudinal direction of the midshaft and the

(o)

longitudinal direction of the bowl, 3, =0° ... 47°.
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Figure 3. Schematic representation of an automotive driveshaft.

In Figure 3, it is considered that the axes (X1, Y1), (X2, Y2), and (X3, Y3) are in the
same plane and, therefore, the axes Z, Z;, Z3 are parallel, and this supposition does not
restrain generality.

The geometrical details of the tulip—tripod joint is presented in Figure 4, and the
geometrical details of the bowl-balls joint are presented in Figure 5.

Snap ring

Boot clamp
Differential

axe
./.—

Grease

Dust cover

Figure 4. Details of tulip—tripod (tripod of the midshaft) joint.

Boot clamp

Dust cover
ABS nng

Wheel axe

Figure 5. Details of bowl-balls (inner race of the midshaft) joint.

As can be seen from Figure 4, the tripod is fixed to the midshaft, the inner race is fixed
to the midshaft (see Figure 5) and the car wheel is fixed to the bowl (see Figure 5).
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2. Computation of the Mass Moments and Geometric Moments of Driveshaft Inertia

In order to compute the equations of motions for the driveshaft using the variational
approach of Hamilton’s principle, it is necessary to reduce the axial mass moment of inertia
of the cross section Ix,gr and the geometric moment of inertia of the cross section Jx, gt for
the global tulip (tulip axis and tulip) with respect to the longitudinal axis of the midshaft
X in the centroid of the cross section of the tripod fixed on the midshaft (see Figure 4) as
well as the axial mass moment of inertia of the cross section Ix,gp and the axial geometric
moment of inertia of the cross section Jx,cp for the global bowl (bowl axis and bowl) with
respect to the longitudinal axis of the midshaft X, in the centroid of the cross section of
the inner race fixed on the midshaft (see Figure 5). The computations of these axial mass
moments of inertia of the cross section and axial geometric moments of inertia of the cross
section take the following into account: the angle 31 between X; and X, (see Figure 3,
rotation with respect to Z; parallel with Z,), the distance from the mass center of the tulip
axis to the centroid of the cross section of the tripod fixed on the midshaft, the distance from
the mass center of the tulip to the centroid of the cross section of the tripod fixed on the
midshaft (see Figure 4), the angle (3; between X; and X3 (see Figure 3, rotation with respect
to Z3 parallel with Z,), the distance from the mass center of the bowl axis to the centroid
of the cross section of inner race fixed on the midshaft, and the distance from the mass
center of the bowl to the centroid of the cross section of inner race fixed on the midshaft
(see Figure 5). In its design, the global tulip consists of two major parts, the tulip and tulip
axis, as can be seen in Figure 4, which have different geometry and therefore different mass
and geometric moments of inertia. Thus, it is obtained that the axial geometric moment
of inertia of the cross section for the global tulip Jx,gr can be reduced to the longitudinal
axis of the midshaft in the centroid of the cross section of the tripod fixed on the midshaft,
and the axial mass moment of inertia of the cross section for the global tulip Ix,gt can be
reduced to the longitudinal axis of the midshaft in the centroid of the cross section of the
tripod fixed on the midshaft, given by the following equations:

Ix,cr = Ixot +IxAT1/ (1)
it = 0.5(J17 + Ior) [ 1 + 052 By + Xar c05(201) sin’ By | +Sr(der)’, @
Jit —Jor
= — 3
Xt Jit +Jor )
nd’ nd
Jxoar = 62T (1 + cos? ﬁl) + %(LT +0.5LaT)?, 4)
Ix,ct = Jx,7PLT + Ix,aTPLAT, )

where Ji1, Jo1 are the principal geometric moments of inertia with respect to the cross
section of the tulip in the center mass of the tulip, Jx,t,Jx,aT are the geometric moment
of inertia of the tulip and the geometric moment of inertia of the tulip axis reduced to the
longitudinal axis of the midshaft in the centroid of the cross section of the tripod fixed
on the midshaft, p is the volume mass density of the material of the driveshaft, dcr is the
distance between the center mass of the tulip and the centroid of the tripod, St is the area
cross section of the tulip, x,7 is the nonuniformity of the geometric moments of inertia in
the cross section of the tulip (see Figure 4), Lt is the length of the tulip, Lot is the length
of the tulip axis, dar is the diameter of the tulip axis and ¢; is the angle of rotation of
the tulip with respect to the axis X;. In its design, the global bowl consists of two major
parts, the bowl and bowl axis (wheel axis), as can be seen in Figure 5, which have different
geometry and therefore different mass and geometric moments of inertia. In the same
mathematical manner, J,gp is obtained, which is the axial geometric moment of inertia
of the cross section for the global bowl reduced to the longitudinal axis of the midshaft in
the centroid of the cross section of the inner race fixed on the midshaft (see Figure 5), as is
Ix,GB, the axial mass moment of inertia of the cross section for the global bowl reduced to
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the longitudinal axis of the midshaft in the centroid of the cross section of the inner race
fixed on the midshaft, given by these equations:

Jx,cB = Ix,B + Ix,AB/ (6)
o = 0.5(J15 + Iop) |1+ c0s? By + Xup c05(293) sin® B2 | + Sp(dcs)’, @)
Ji — JoB
p— 7, 8
Xnb Ji + 2B ®)
nd4 nd?
TxoaB = 62]3 (1 + cos® 131) + 4AB (Lg 4 0.5Lag)?, )
Ix,cB = Jx,BPLB + Jx,ABPLAB, (10)

where J3, ],p are the principal geometric moments of inertia with respect to the cross
section of the bowl in the center mass of the bowl; Jx g, Jx,ap are the geometric moment of
inertia of the bowl and the geometric moment of inertia of the bowl axis reduced to the
longitudinal axis of the midshaft in the centroid of the cross section of the inner race fixed
on the midshaft, respectively; p is the volume mass density of the driveshaft material; dcp is
the distance between the center mass of the bowl and the centroid of the inner race; Sg is the
area cross section of the bowl; x,,p is the nonuniformity of the geometric moments of inertia
in the cross section of the bowl (see Figure 4); Lj is the length of the bowl; Lsp is the length
of the bowl axis; dap is the diameter of the bowl axis; and @3 is the angle of rotation of the
tulip with respect to the axis X3. As can be seen analyzing Equations (1)-(10), the geometric
axial moment of inertia of the cross section Jx,gr, for the global tulip, and the geometric
axial moment of inertia of the cross section Jx,gp, for the global bowl, both reduced to the
longitudinal midshaft axis Xy, are functions that contains the effects o: twisting angle of
tulip @1 as well as the twisting angle of bowl @3, nonuniformity of the geometric moments
of inertia of the cross section for both tulip and bowl x,r and x,g, the angle between
longitudinal direction of the tulip and the longitudinal direction of the midshaft 3;, the
angle between the longitudinal direction of the midshaft and the longitudinal direction of
the bowl 35, the length of the tulip and the length of the bowl, the position of the mass
center of the tulip axis and tulip with respect to the centroid of the tripod, the position of
the mass center of the bowl axis and bow] with respect to the centroid of the inner race,
the principal geometric moments of inertia of the cross section for the tulip J;1, Jor, the
principal geometric moments of inertia of the cross section for the bowl J;g, Jo5, dar the
diameter of the tulip axis, and dap the diameter of the bowl axis.

3. The Physical Model of the Driveshaft in Torsion

The physical model for torsional vibrations of the driveshaft is presented in Figure 6.

Toims Tooms |
X,GB’ " X,GB

]X:(;T’ IX:(;T

kect, et ktcs, cicB

Mw

@1 @3

Figure 6. The physical model for torsional vibrations of the automotive driveshaft.
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The present model (see Figure 6) considers that the tulip (see Figure 4) and the bowl
(see Figure 5) have rigid body torsion movements, through the twist angles @1 and o3,
that are functions of time @1 = @1(t) and @3 = @3(t), while the midshaft has a twist
angle @, that is a function ¢ = @2(x, t) of position (space) in the longitudinal direction of
the midshaft, where x € [0, Lyjs], Livs being the length of the midshaft of the automotive
driveshaft (see Figure 2), and the time t. The effect of nonuniformity for the geometric and
kinematic isometry of the driveshaft [1,4] is given by the equations:

R
©2(0,8) = @1(6) + 21" tan By tan? L cos(3¢,1), a1
e 2
_ Ry 2 B2
(P3(t) - QZ(LMSIt) + 2LM tan BZ tan 7 COS(S@Z(LM& t))/ (12)
S

where Rrty is the tulip—tripod joint radius (see Figure 4) and Ry,p is the inner race-bowl
joint radius (see Figure 5). Deriving the Equations (11) and (12) with respect to time yields:

w —$1(t) = ~151¢1(t)

R
TI* tan B, tan? By sin(3¢1), (13)
LMs 2

. 002 (Lvs, t) 02 (L, t) Rypy

Equations (11)—(14) introduce, in this model, the effect of nonuniformity for the geo-
metric and kinematic isometry of the automotive driveshaft [1,4]. The model presented
consists of three different elements, tulip-midshaft-bowl, linked through two links the joint
tulip—tripod (mounted on the midshaft, see Figure 4), and the joint bowl-balls—inner race
(mounted at the other edge of the midshaft, see Figure 5), described in terms of dynamic
torsion as follows:

tan 8, tan’ % sin(3¢a(Lms, t)).  (14)

1. the tulip in torsional rigid body movement reduced to the torsional longitudinal axis
of the midshaft, having a global torsional stiffness kg, a global torsional damping
coefficient c;gt, an axial geometric moment of inertia of the cross section for the global
tulip Jx,cr reduced to the longitudinal axis of the midshaft in the centroid of the cross
section of tripode fixed on the midshaft (see Equation (1)), an axial mass moment of
inertia of the cross section for the global tulip Ix,gt reduced to the longitudinal axis
of the midshaft in the centroid of the cross section of tripode fixed on the midshaft
(see Equation (5)), where kit and cigt are given by the equations:

_ karke _ Glxpat _ Ghor _ _ 2Agr
kit = 45 kar = 5 ke = T2, acr m\/ktGTIXZGTr (15)

where kiart is the stiffness/rigidity of the tulip axis reduced to the longitudinal axis of
the midshaft in the centroid of the cross section of the tripod fixed on the midshaft, ket
is the stiffness/rigidity of the tulip reduced to the longitudinal axis of the midshaft
in the centroid of the cross section of the tripod fixed on the midshaft, Lt is the
length of the tulip, Lt is the length of the tulip axis, G is the shear modulus, and
Agr is the logarithmic decrement of the free torsional vibrations of the global tulip
(Agr = 0.001...0.2) [20,21];

2. Thejoint tulip—tripod in torsion realizes the link between the tulip and the midshaft
through the torsional stiffness kirt and the damping torsional coefficient c;r;

3. The uniform midshaft (see Figures 2, 4, and 5) in torsion having, at x = 0, a tripod
(see Figure 4) fixed on the midshaft with the axial mass moment of inertia of the cross
section Ipims (midshaft axis included on the thickness of the tripod) and the geometric
axial moment of inertia of the cross section of the tripod Jx, T, (midshaft axis included
on the thickness of the tripod), and at x = Ly, an inner race (see Figure 5) fixed on
the midshaft with the axial mass moment of inertia of the cross section Ipops (midshaft
axis included on the thickness of the inner race) and the geometric axial moment of
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inertia of the cross section Jx, 1, (midshaft axis included on the thickness of the inner
race), given by the equations:

loivs = Jx,mePL1r = (Jite +J21e) PLT1/ (16)
Tooms = Jx,iPLir = (J1rr + Jore) oLy, (17)

where Jq1;, Jo1; are the principal geometric moments of inertia in the cross section of the
tripod, midshaft axis included on the thickness of the tripod, J11;, Jo1. are the principal
geometric moments of inertia in the cross section of the inner race, midshaft axis
included on the thickness of the inner race, Jx, T, is the geometric axial moment of
inertia of the tripod (midshaft axis included on the thickness of the tripod), Jx,y is the
geometric axial moment of inertia of the inner race (midshaft axis included on the
thickness of the inner race), Ly is the thickness of the tripod, Ly, is the thickness of
the inner race;

4. The joint bowl-balls—inner race in torsion realizes the link between the bowl and the
midshaft through the torsional stiffness kg and the damping torsional coefficient cpyy;

5. The bowl in torsional rigid body movement is reduced to the torsional longitudinal
axis of the midshaft, having a global torsional stiffness kg, a global torsional damp-
ing coefficient cigp, an axial geometric moment of inertia of the cross section reduced
to the longitudinal axe of the midshaft Jx,cp (see Equation (6), an axial mass moment
of inertia of the cross section reduced to the longitudinal axe of the midshaft Ix,gp
(see Equation (10)), where kigp and c;gp are given by the equations:

Glx,AB Xa 2AGp

Glx,B
Las Kt = s s CtGB = m\/ ktGBIXZGB/ (18)

keapk
kg = Ak Kear =

where k¢ap is the stiffness/rigidity of the bowl axis reduced to the longitudinal axis of
the midshaft in the centroid of the cross section of the inner race fixed on the midshaft,
kg is the stiffness/rigidity of the bowl reduced to the longitudinal axis of the midshaft
in the centroid of the cross section of the inner race fixed on the midshaft, Ly is the
length of the bowl, Lp is the length of the bowl axis, G is the shear modulus and
Agp the logarithmic decrement of the free torsional vibrations of the global bowl
(Agp = 0.001-0.15) [20,21].

From the gearbox, the driveshaft (see Figures 1 and 6) receives torque from the engine

that is given by Equation (2) (p. 361)

Mgp = Me[1 + X cos(nQet)],n € N, (19)
TMNe
Qe = 2
e =35 (20)

where X, is the nonuniformity of the internal engine torque, being in the range
0.980-1.020 [2] (p- 363) and M, is the amplitude of the engine torque in Nm and ne is
the speed rotation (velocity angle) of the crank shaft of the engine in rot/min. The reactive
torque induced by the wheel is a moderate impulsive type and can be considered in the
mathematical form

My = Mg [1 + gzthe %', (21)

where My is the adhesion torque [22] (p. 130), q;,i = 1,3,q; > qy,q; > 1.1 are experimental
constants depending on the type of shock applied at the wheel by the road excitation [3].
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4. The Equations of Forced Torsional Vibrations of the Automotive Driveshaft

For the model of torsional vibrations of the automotive driveshaft presented in Figure 6,
use of the variational approach of the generalized Hamilton's principle [23] (pp. 272-295) yields

5/ (IT—T — W)dt = 0, (22)

where the strain energy Il of the model for the automotive driveshaft (see Figure 6),
including the torsional springs and the torsional dampers, is given by the generalized
Equation (23) (p. 274), [24] (pp. 610-613):

Lms 2 2 2
32(0 . * dga(ly .
IS G]szs<a‘Pz> dXJrz[CtGT((Pl) +CTT<7(P3< 4) (Pl) +CtBIr(<P3*7(P2(aXM t)> +CtGB<<P3) ]Jr
0

+3 [ktGT(P% + kerr(92(0,1) — ©1)* + kepre (03 — @2 (Ls, 1)) + ktGB@%] ,

IT

(23)

where Lys is the midshaft length, Jx s is the geometric axial moment of inertia of the cross
section of the midshaft with respect to the longitudinal axis X, given by the equations

iy
Jxoms = o 2, (24)

n(dng - d?Ms)
J =—00" (25)
XzMS - 32 7

where the midshaft is considered as having a circular or a tubular uniform cross section
with the diameter dyys for the circular cross section or the diameters days, divs for the
tubular cross section. Added to Equation (23) was the generalized Rayleigh’s dissipation
function [24] (p. 611) specific to the mathematical formulations of the Euler-Lagrange
generalized approach, due to the presence in the torsional vibration model of the damper,
giving the equation

. X, . o \2 ° \2 ° 2 o \2
A(<P M, (P3> = % |:CtGT (@1) +CtTT<a(P§7,(<O’t) - <P1> + CtBIr<(P3 - %) + CGB (<P3> } (26)
The kinetic energy of the model for the automotive driveshaft, seen in Figure 6, is
given by the generalized Equation (23) (p. 274), [24] (p. 719):
bs 3 ’ 1 e\2 Ap2(00)\2 | 1 doa(Lyst) \2 | 1 o \2
T= [ QPJXZMS<%> dx+ 3Ix,cr <<Pl) + ﬂmm(%) + 7%2Ms(%> + 31,68 <<Pl) . (27)
0
The work performed by the external torques can be expressed as

W =[5 [Mgp] A(X) + [Mw]A(x — L) }2.(x, t)dx = [Mcp]2(0, 1) + My ]@2(Lnis, t),  (28)

where A(x) is the Dirac’s function and ¢, (0, t), ¢2(Lys, t) are given by the Equations (11)
and (12) as functions of ¢1(t) and @3(t). After several mathematical manipulations that
include integration by parts, the nonlinear system with partial derivatives of second degree

is yielded:
Ig,cr(91)$1 + [ciar + 3cerrAtre sin(3¢1) |91 + [kegt — kerrAre €05(391)] 01 = Me[1 + X cos(nQet)] (1 — 3A1r sin(3¢1)), (29)
9% 92
p]XzMS at2 GJXzMS a 2 (30)

Ix,cB(93) 3 + [cioB — 3cmirApr sin(393)] 3 + [kigp + kipirApr c08(393)] @3 = —Mpy [1 + qytTe 2! (1 — 3Apy sin(3¢3)), (31)

where the constants Aty and Apy, are given by the equations [1]:

2[‘)’1

Rrrr

At = 0.5
TTr LMs

tan 3, tan
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R

Apry = 0.5—2F tan B, tan? P2 (33)

Lus 2

and the boundary conditions are
92, (0,t . . 992 (0, t
Imm% — 3ciTTATTr SIN(301) @1 + KerT ATy COS(301) 91 — G]szs%) =0,atx = 0. (34)
922 (Lys, t , . 992 (Liys, t

Iozm% + 3cpir Aplr Sin(393) @3 — kiprr Aprr cos(3¢93) @3 + G]XzMS% =0,atx =Lys.  (35)

The system given by Equations (29)-(31) together with the boundary conditions (34)
and (35) represent the nonlinear dynamic behavior of an automotive driveshaft in torsion
under an input harmonic excitation that occurs due to the modulation of the car engine and
the nonuniformities of torque load transfer from the engine to the driveshaft through the
automotive gearbox, in addition to a reactive torque load of impulsive type induced in the
wheel by road excitations. Analyzing Equations (29)—(35), it can be remarked that Equations
(29)—(31) are the equations of forced parametric vibrations for the tulip and for the bowl
in torsion that are generalized nonlinear forced Mathieu-Hill equations, Equation (30) is
an equation with partial derivatives for the torsional vibrations of a uniform shaft, and
Equations (34) and (35) represent the link between the torsional vibrations of the elements
of the automotive driveshaft tulip-midshaft-bowl through the stiffness and the damping
of the joints tulip—tripod-midshaft and bowl-balls—inner race-midshaft.

5. The Mathematical Procedure Solution

In analyzing the joint tulip—tripod-midshaft and bowl-inner race-midshaft, it becomes
obvious that the midshaft is a fixed-fixed uniform shaft linked to the torsion of the tulip
for x = 0 and at the bowl for x = Lys and, therefore, the general solution of Equation (30)
is [24] (p. 720)

@a(x,t) = ;@211 cos (LX — @qp) cos(wnt — Ogp), ¢ = %, Wp = i‘—g,n =1,2,3,... (36)
where @y, is the amplitude, ®1, and O, are the phase angles for the general solution
@2(x, t) and wy, is the free natural frequency of torsion vibrations of the midshaft. From the
boundary condition (34), using Equation (36) yields

‘ . 2,0, 320,
—3cirr AT Sin(391) @1 + ket At COS(3901) 01 = —Tonms (%ig J + Glx,Ms (p?b(( 4 =

=Y Do [To1ms w3 cos @1 + Glx,ms 22 sin O | cos(wnt — Opp), atx = 0.
n

(37)

In a similar mathematical manner from the boundary condition (35), using Equation (36)
yields

. . 92 @a(Lys t 3o (L t
3cir A sin(3¢03) @3 — kpir Aprr cos(393) @3+ = —Ions% - G]XzMS% =

= ¥ ®n [Toowis cos ( £208 — ©1,) — Gl 00 sin (o2 — @1y ) cos(wnt — Osq), atx = L. (38)
Inserting Equation (37) in Equation (29) yields

Iocr(@1) 91 + cer®1 + kigr@1 = Me[1 + Xe cos(nQet)] (1 — BArr, sin(3¢1) )+ 39
Y. ®on [Toims w3 €08 O, + Glx,ms 2 sin @1y cos(wnt — Oop), (39)
n

and Equation (39) is divided by the function Ix,Gr(¢1) to obtain

. ) 1+a; cos2¢q . 2 1+ag cos2¢q _ M. 14X cos(nQet) o s
®1+ 2C101\/(1+62 c052¢1) (1+XGn 05 2¢7) P1 +O (T+ay cos 21 ) (1 xGm cos297) P1 = I,cr (1+XGrn COS2¢01) (1= 3Arr; sin3¢1)+

(40)

Toivs .2 Glx,ms Wi o cos(wnt—Opp) _
+§ Pon [IXZGT Wh €05 Orn + Ix,or © sin O1n THxameos2ey)’ M = 1,2,5,....

where Ix,Gr is the mass moment of inertia of the global tulip with respect to the longitudinal
axis of torsion X; of the global tulip for the angle 3; = 0°, Xgry, is the global tulip nonuni-
formity (see Appendix A), ¢! is the damping ratio of the global tulip (see Appendix A), Oy
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is the natural frequency in torsion of the global tulip as a function of the angle (31, given by

the equation

1/2
1— IxpaTPLAT /

O = < IX%GT
L 2 Ix,Gr

() (et )
and all the terms on the right-hand side are excitation terms due to the following phe-
nomena: the joint tulip—tripod-midshaft of the driveshaft that is quasi-isometric for the
angular velocity ¢q [1,4], the effect of induced torsional loads such as the harmonic entry
moment from the gearbox [2] (p. 360), the effect of nonuniformity on the axial moment of
inertia of the joint tulip—tripod—midshaft of the driveshaft that varies with the angle ¢y,
the effect of nonuniformity on the axial moment of inertia of the global tulip that varies
with the angle ¢4, the effect of the angle 3; between the global tulip axis and the midshaft
axis, and the effect of the torsional rigidity as well as the torsional damping on the joint
tulip—tripod-midshaft of the driveshaft that are functions of the angle ¢;. The coefficients

a1, ap and the global tulip nonuniformity xgr, are presented in Appendix A.
Inserting Equation (38) in Equation (31) yields:

(41)

Ix,GB(©3)®3 + cicB®3 + ki @3 = —Mpg [1 + qstTre” %' (1 — 3Apy, sin(3¢3))+

5 @an Toonisw cos (25 — @) — Gl @ sin (215 — @) | cos(wnt — @an),  H2)
n
and Equation (41) is divided by the function Ix,Gg(¢3) to obtain
. = 1+a3cos2¢@ . ~2 14a3 cos2q@ _ M [1+Q3tq1e7q2t] .
93+ 2608\ (o xemess 2657 P + 5 TTrmresstos o o579 #3 = ~ s T eos7ay (1~ B sin303) + (43)

n I 2 GlxoMs wy - cos(wnt—0y _
"’%(_1) Don {%wn cos O + szﬁT“ sin Oy, nin),n =1,2,3,...,

(I+XGBn €05 2¢3)

where IszB is the mass moment of inertia with respect to the longitudinal axis of torsion
Xy of the global bowl for the angle 3, = 0°, xgp, is the global bowl nonuniformity (see
Appendix A), (3 is the damping ratio of the global bowl (see Appendix A), ()3 is the natural
frequency in torsion of the global bowl as a function of the angle 3,, given by the equation
1— IxyaBPLAB 12
— c Ix,GB

03 =71 = 7
Ls 14 (Lﬂ)z _bges 4
Ls Ix,aBPLAB

and all the terms on the right-hand side are excitation terms due to the joint bowl-inner race—
midshaft of the driveshaft that is quasi-isometric for the angular velocity 3 [1,4], the effect
of the impulsive reaction moment from the wheels [3], the effect of nonuniformity on the
axial moment of inertia of the joint that varies with the angle @3, the effect of nonuniformity
on the axial moment of inertia of the global bowl that varies with the angle @3, the effect
of the angle 3, between the global bowl axis and the midshaft axis, and the effect of the
torsional rigidity as well as the torsional damping for the joint bowl-inner race-midshaft of
the driveshaft that are functions of the angle 3. The coefficients a3, a4 and the global tulip
nonuniformity Xgp, are presented in Appendix A. The system of Equations (40) and (43)
is a generalized system form of nonlinear Mathieu-Hill equations that are linked because
of the excitation term cos(wnt £+ ©y) and the coupled Equations (11)-(14) generated by
the general solution given by Equation (36) at x = 0 and at x = Lyfs. The mathematical
expression of the system of Equations (40) and (43) indicates, due to the presence of
nonlinear parametric terms on the left-hand side of equations and the presence of nonlinear
excitation terms on the right-hand side of the equations, the manifestation of:

(44)

- primary resonances for excitation frequencies 1 ~ Q1,1 ~ Q3 [25] (p. 196),
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- super harmonic resonances for excitation frequencies 1 =~ kilﬁl,n ~ kl—zﬁg,, ki, ko,
positive integers [25] (p. 211),

- subharmonic resonances for excitation frequencies n ~ k1 Oy,1 &~ ko3, k1, ko, posi-
tive integers [25] (p. 214),

- principal parametric resonances for excitation frequenciesn ~ 20, n ~ 2Q3 [25] (p. 425),

- combination resonances for excitation frequencies 1 ~ O + Q3,m ~ Q3 — O [25]
(pp- 202, 430),

- simultaneous resonances for excitation frequencies n ~ kQj,n &~ £Qj3, with k positive
integer [25] (p. 188),

- internal resonances for k;); ~ k,Q)3, with kq, ko, positive integers [25] (p. 381), n
being the excitation frequency. As can be seen, this model for the torsional forced
vibrations of driveshaft offer a huge possibility of investigation.

6. Case Study Analysis of Principal Parametric Resonance of the Global Tulip

As already mentioned above, one of the most important resonant cases of automotive
driveshafts is the principal parametric resonance [6,7] and [25] (p. 425), and for this
paper, the authors decided to investigate the amplitude of forced torsional nonlinear
parametric vibrations for the principal parametric resonance of the global tulip based on
Equation (40) as a case study. The experimental data for this case study are presented in the
literature by Steinwede [5] (pp. 69-144). The study considered a tulip-tripod joint having
the geometric characteristics of a geometric moment of inertia and nonuniformity of the
geometric moments of inertia, as presented in Table 1, for the driveshaft of a heavy-duty
SUV with tulip, tulip-tripode, midshaft, and bowl-balls—inner race joints. Comparing these
presented geometric characteristics with those considered by Steinwede [5] (p. 111), it can
be concluded that there is agreement. Using AUTOCAD software, JiT, JoT, and X7 were
computed based on the direct geometric characteristics (L, LaT, Lms, R, dat, det, St)
and the general geometry of the global tulip.

Table 1. Geometry characteristics of a tulip-tripode joint.

Lt LaT Lms RrTR dar der St 0.5(J1t + J21) X
[m] [m] [m] [m] [m] [m] [m?] [m?] nT

0.095 0.065 0.470 0.035 0.027 0.049 0.019 9.1531 x 1077 0.15

Presented in Table 2 are the physical properties of the material of the tulip—tripode
joint and global tulip as well as the amplitude of the maximum torque transmitted by the
car engine, considering that the material is steel-iron cast. Comparing these presented
material properties with those considered by Steinwede [5] (p. 112), it can be concluded
that they are in very close agreement.

Table 2. Material properties of a tulip-tripode joint and of the global tulip. Torque load.

[ G Torsional Rigidity . . Engine Torque M.
[kg/m] [GPal [Nm/rad] Damping Ratio ¢; [Nm]
7850 773 1.11 x 10* 0.0016-0.0318 580

Using the data presented in Tables 1 and 2 in Equation (41), the variation in Q)3, the
natural frequency in torsion of the global tulip, was computed as a function of the angle 3;
using MATLAB software. The data are presented in Figures 7 and 8.
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Comparing these theoretical results with those presented in the literature [5] (pp. 119,
125,138, 139), it can be concluded that there is agreement of the model with the experimental
data. To compute the amplitude of the forced torsional nonlinear parametric vibrations in
the region of principal parametric resonance, the method of harmonic balance was used [26]
(p. 66) for Equation (40) in seeking a solution given by the equation

@1(t) =acos(%) +bsin(), 45
& = Va2 41, #5)
where n >~ 201 (0) is the excitation frequency and ®; is the amplitude of the steady-state
vibration in the region of principal parametric resonance for the global tulip. The method
is very effective and gives good results, as mentioned in [27], being even now, after half
a century, a very convenient method for the analysis of large-scale nonlinear mechanical
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systems [27]. Before inserting Equation (45) in Equation (40), it is necessary to conduct some
mathematical manipulations of Equation (40), such as developing, in Maclaurin series, the
following functions around the value 0:

cos2@p ~1— 2@%, (46)
sin3@ ~ 31 — 4.5¢3, (47)

1+ 2 -~ 1 2
Vimaszon Cixemeozen = VAL+VBL= 3 (VAT +xomVBi) (1-201),  (48)

where the terms A; and B; are expressed in Appendix A. Inserting now the solution given
by Equation (45) in Equation (40) and balancing the terms in cos(}) and sin(%') in the
unknowns a and b yields the system of equations

ah%@*quﬁy—i%}+bmy—mﬂ[£{ 0,

A B
al—ou + ooyl [ 3| +b| iy + e — | = O

(49)

where y is a changing variable of the unknown amplitude ®; expressed by the relation
y=1-2®3, (50)

where the term v is the participation of the engine excitation given by the equation

M
Y= (51)
Ix,gr

and the terms & and o are presented in Appendix A, while the terms of higher order are
neglected in the first order approximation [25] (pp. 425-426), [26] (pp. 63-68). Ensuring a
nontrivial solution of the system of Equation (49) yields the following equation, given by
setting the determinant of the system (49) to zero:

A B 2 2
1 4 tY _ il ] + o — oczy]2 [ﬂ] =0. (52)
14+ay 1+Xemy 20O 20y

Equation (52) can be transformed into a bi-sextic algebraic equation in the unknown y

T4i?y® + Ton?y® + Tsn?y* + [Tafi® + Tsn]y° + [Teni” + T/ + Ts]y? + [Ton” + 1M + Ty + T1ah + Tiafi+ Ty = 0, (53)
where 11 = % is the nondimensional excitation frequency in the region of principal
1

parametric resonance and the terms I'; to I'4 are presented in Appendix A. The amplitude
of the forced torsional nonlinear parametric vibrations in the region of principal parametric
resonance for the global tulip, as a function of nondimensional excitation frequency, is
given by the equation

@4 (7)) = 1;W, (54)

where y*® represent the solution of Equation (53). Equations (53) and (54) were used
together with all the terms expressed in Appendix A to developed MATLAB software for
computing the amplitude of the forced torsional nonlinear parametric vibrations in the
region of principal parametric resonance for the global tulip for the steady-state torsional
vibrations of the automotive driveshaft. In the same mathematical manner, the amplitude
@3 of the forced torsional nonlinear parametric vibrations for the global bowl can be

computed as a function of nondimensional excitation frequency 7 = % in the region of
3

principal parametric resonance 1 &~ 2Q); for the steady-state torsional vibrations of the
automotive driveshaft.
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7. Results and Discussions

The first results obtained are represented by the natural frequency in torsion of the
midshaft given by the modified Equation (36).

Wn n |G
Vn 27_c ZLMS p 7 n 7 <=7 3/ (55)

Using this equation, the first three-order natural frequencies for the given midshaft
are presented in Table 3 (see Table 1 for Lyss and Table 2 for G and p).

Table 3. The first three-order natural frequencies in torsion of the midshaft.

Order 1 2 3
vn [Hz] 3338.31 6676.63 10,014.94

Equation (55) undoubtedly conforms with the experimental data [23] (p. 281). This
is also in accordance with the experiments of Steinwede that impose an investigation
of the forced torsional vibration of a driveshaft in the range 1-15 kHz [5] (p. 119). The
other studies in the literature found, through experiments, that the range of natural free
frequencies in the driveshaft torsion [18] in the range 131-906 Hz are, in effect, subharmonic
frequencies, that result in misunderstanding of the dynamic phenomena of the automotive
driveshaft. From the analyses in Figures 7 and 8, the variation in the natural frequency
in torsion of the global tulip is restricted to natural frequency in torsion of the midshaft
being in the range 3020-3052 Hz (see Figure 7), and the nondimensional natural frequency
in torsion of the global tulip is in the range 1.009-1.0198. Unfortunately, there are no
published experiments that investigate the natural free frequency in torsion only for the
global tulip. In Figures 9-14 is presented the variation of the nondimensional amplitude
for forced torsional nonlinear parametric vibration in the region of principal parametric
resonance for the global tulip, this being around 5.985 kHz. The nondimensional amplitude
presented in the graphs in Figures 9-14 represents the normalized amplitude with respect
to its maximum value for 31 = 5°, ; = 0.0016, X, = 0.15. Analyzing Figures 9-14, it can be
remarked that for the cases we have a manifestation of “soft spring” with two branches
forn < 1.800;(0) that indicate the presence of interaction between principal parametric
resonance and the primary resonance, while for n > 1.80) (0), only one “hard spring”
branch exists, which indicates the manifestation of pure principal parametric resonance
for the global tulip [28] (pp. 132-160). The aspect highlighted by Figures 9-11 is that
with the increase in the angle 31, the maximum value of the nondimensional amplitude
decreases from 1 to 0.35. This aspect agrees with the experimental data in the literature [5]
(pp- 130-144). Figures 11-14 indicate that, for an angle 3; = 15° = const., the increase
in the damping ratio (; in the range 0.008-0.0318 induces a decrease in the maximum
nondimensional amplitude from 0.35 to 0.22, and, thus, we can conclude that the model is
much more sensitive to the geometric variation in the driveshaft than to the damping effects.
Through experiments, Steinwede demonstrated that the nonlinear parametric dynamic
behavior of automotive driveshafts is like that of geared systems [5] (p. 117), and this is
why we observe similar pitting phenomena inside the tulip and inside the bowl of the CV]
joints’ tulip—tripod and bowl-balls-inner race [5] (pp. 88-94). Moreover, it can be seen from
Figures 11-14 that the increase in damping ratio (; in the range 0.008-0.0318 induces an
increase between the branches of the amplitude for both areas of “soft spring” and “hard
spring”, being a manifestation of the multiple “jumps” between the amplitude branches,
where it is known that the inferior branch is usually unstable, while the superior branch is
stable [25] (pp. 426—429), [28] (pp. 132-160). This aspect will “conduct” dynamic behavior
through a chaotic dynamic that has, as a practical effect, an accelerating effect on pitting
phenomena, as mentioned by Steinwede [5] (pp. 88-94), or in the worst case, results in
the manifestation of cracks followed by failure (breaking) of the global tulip [5] (p. 89).
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Unfortunately, there are no published studies analyzing, in detail, the dynamic behavior of
each element of the automotive CV] driveshaft: tulip, global tulip, bowl, global bowl, and
midshaft, apart from [5], where all studies have analyzed the global dynamic behavior of
the automotive driveshaft. Even so, there is huge confusion regarding the interpretation of
experimental data due to the misunderstanding of specific global nonlinear phenomena,
such as in [18].
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Figure 9. Nondimensional amplitude for 31 = 5°, ¢; = 0.0016, x,v = 0.15.
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Figure 10. Nondimensional amplitude for 31 = 10°, {; = 0.0016, x, = 0.15.
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Figure 11. Nondimensional amplitude for 31 = 15°, {; = 0.0016, x,, = 0.15.
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Figure 12. Nondimensional amplitude for 3; = 15°, {; = 0.008, x,,7 = 0.15.

Based on the aspects presented above, the direction for future research involves the
investigation of analytical solutions of the system of Equations (40) and (43) using the
multiple scale method for each type of resonance, as mentioned before. Another future
research direction is to investigate stability in the proximity of each possible resonance type
for steady state as well as nonstationary motion.
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Figure 13. Nondimensional amplitude for 31 = 15°, {; = 0.0159, x,,r = 0.15.
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Figure 14. Nondimensional amplitude for 31 = 15°, {; = 0.0318, x,,r = 0.15.

8. Conclusions

The present work introduces a complex model for torsional vibrations of the auto-
motive driveshaft, a model that considers most of the phenomena observed in industrial
practice and the exploitation of cars such as:

- nonuniformity in the geometric and kinematic isometry of the driveshaft;

- nonuniformity in the geometric and mass moments of inertia of the cross section for
the tulip, tripod, inner race, and bowl;

- the stiffness and the damping link of the joints of the driveshaft tulip—tripod—-midshaft
and midshaft-inner race-balls-bowl;

- harmonic excitation of the driveshaft due to the car engine;

- impulsive excitation of the driveshaft due to road excitation.
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In addition, the model allows the development of future research directions for the
investigation of primary resonances, super harmonic resonances, subharmonic resonances,
principal parametric resonances, combination resonances, internal resonances, and simul-
taneous resonances as well as for investigation of the stability for steady-state as well
as nonstationary motion. Therefore, this model of dynamic torsional behavior for the
automotive driveshaft can be used in the early stages of design as well in predicting the
durability of automotive driveshafts. Moreover, it is important that the model be added
in the design algorithm for predicting the comfort elements of motoring to adequately
account for this kind of dynamic behavior, which induces excitations to the car structure as
mentioned in the literature [15].
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Appendix A. Mathematical Expressions of the Coefficients Used in the
Solution Algorithm

A
(=, (A1)
V42 4 ALy

0.5(J31 + IZT)pLT sin? B,

XGTn = (A2)
Ix,Gr
— __ XGIn

U= gl (A3

TXZGT

, =
ay = <LAT> IXzGT XGTn (A4)
Lt ) Ix,atPLat 14 (%)2 []IXZG{ _ 1] ’
T X AT PLAT
Ay =1- A" XCmn (A5)
a2 — XGTn_

B, — L~ XGIn, (A6)

a2 — XGTn

o =26 (VAL + VB, (A7)
o =20 (al\/Ail + XGTn\/E)r (A8)

I = [aoXgrl® (A9)
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XGBn — =
Ix,GB
an — XGBn
3 1— IxpaBPLAB 7
Ix,cB
2 1
oy = <LAB> X2GB XGBn
Ls / JxaBPLag | | (E)Z Y R
Lg Jx,aBPLAB
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I'p=1+ oc%,
I3 = —2(A1 +By),
14 = (A; +By)%,
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