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timal conceptual design of a balance shaft by determining locations of both unbalance and
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1. Introduction

Rotating machines are very common in industry and carry out effective actions or useful work by converting energy into ro-
tation using rotating elements such as gears or chains. However, harmonic excitations of rotating elements are hard to avoid due
to the nature of the operating mechanism [1-4]. The harmonic vibrations caused by a small unbalance or eccentricity of rotating
elements may cause significant problems under persistent and high-speed rotation.

A balance shaft module generates a direct mechanical counterforce for a harmonic vibration, which is one of the most efficient
solutions to remove such problems. The balance shaft module is an intuitive device that quenches harmonic vibrations directly by
generating an excitation with the same magnitude as the vibration but with an opposite phase from unbalances on a rotor [5-16].
This approach is superior to other indirect methodologies such as an isolation of the vibration path using mounting systems
[5-7,17-19] because the induced excitation will no longer be transmitted as the original vibration source is directly removed
using the balance shaft module.

A creative mechanical rotating balancer, or balancing shaft, was first proposed by Lanchester [20], which consists of two op-
positely rotating unbalanced rotors to reduce the cyclic engine vibration efficiently. In addition, Mewes [21] suggested the posi-
tion of unbalances in the offset slider-crank mechanisms. Two classic papers contributed to develop the novel mechanism of a
balance shaft in practice; however, there were few technical contents to extend for the optimal design issues of a balance shaft.

One of the well-known target systems is a vehicle engine that inherently induces the secondary harmonic excitation from
a reciprocating movement of pistons [5-7]. More recently, the Lanchester-type balance shaft module has been widely used for
the inline 4-cylinder vehicle engine, as shown in Fig. 1. If the equivalent reciprocal mass in Fig. 1 is given as my and the
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Nomenclature
mg, mg  Equivalent mass of a reciprocal part and a single balance shaft
Msym, Masyn Mass of @ symmetric part and an asymmetric part
Isym Mass moment of inertia of a symmetric part
I, Mass moment of inertia with respect to the Z-axis
Ix Second moment of inertia with respect to the X-axis
fr f3 Force from a secondary reciprocal part and a single balance shaft
for fo2  Reaction force from a front supporting bearing and a rear supporting one
I, T'c Equivalent radius of a single balance shaft and a crankshaft
Ip Equivalent length of a connecting rod
I'syms Tasym Effective radius of a symmetric mass and an asymmetric mass
Ig Length of a balance shaft
Xm, Xb Position of an unbalance mass and a supporting bearing
k Radius of gyration
ko, kq Linear coefficient of first term and second term of a radius of gyration
M Bending moment
E Young's modulus
0c Rotating angle of a crankshaft
¢ wg  Angular velocity of a crankshaft and a balance shaft
] Objective function of
v Elastic strain energy
T Kinematic energy
Ym Mass ratio between a symmetric part and an asymmetric part
Yr Load capacity of a supporting bearing
w Linear weighting factor
X Xo'™ Global optimum of unbalance mass for unlimited supporting bearing and for limited supporting bearing
Xp i Position of a supporting bearing at # i
xp, x2"  Global optimum of supporting bearing for unlimited supporting bearing and for limited supporting bearing
Ferr Error function about a approximated radius of gyration
& Geometric center of a balance shaft

corresponding unbalances of a balance shaft is designed as mprg to avoid the secondary vibration from the engine, the relation
between my and mprg can be formulated over the angular velocity of crankshaft, ¢ (d6./dt) as shown in Eq. (1) [5-8].

2
4my (ﬁ ol = Z(mBrB(ZwC)Z)

The structural fragility of a balance shaft module stems from the unbalance on the shaft that is an indispensible structural part
for counter harmonic excitations. Such the unbalance causes not only the considerable bending deformation of the shaft but also
the measurable driving torque consumption during operation. The former may cause a rub or interference between the rotor and
the support bearing, and the latter decreases the fuel efficiency of the vehicle [5-7].

This paper presents an optimal conceptual design of a balance shaft by determining locations of both unbalance and supporting bear-
ing. It begins with the formulation of an objective function that consists of the elastic strain energy and the kinematic energy of the bal-
ance shaft. Then, an optimal designed is derived with a function of both the mass ratio between symmetric and asymmetric part of the
shaft and with load capacity of the support bearing. This study excludes any external force induced or transmitted by a balance shaft, so
the analytical models are supposed to express a free-free condition [22-26]. In addition, the two support bearings are assumed to sym-
metrically be located with respect to the geometric center of a balance shaft. Finally, we perform a simulation of a balance shaft for a spe-
cific target-vehicle engine and demonstrate that the derived optimal design agree well with the simulation results.

2. Optimal design formulation of balance shaft
2.1. Formulation of objective function
An optimum balance shaft design starts from the definition of objective function that should seamlessly address the two main

problems such as the bending deformation of the rotating shaft and the driving torque consumption. The objective function is de-
rived with kinetic and strain energy formula, which is explained using a simple rotor model shown in Fig. 2.
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