International Journal of Current Engineering and Technology
©2018 INPRESSCO®, All Rights Reserved

E-ISSN 2277 - 4106, P-ISSN 2347 - 5161
Available at http://inpressco.com/category/ijcet

Research Article

Shaking Force and Shaking Moment Balancing of two types of Watt
Mechanisms

Nehemiah Peddinti”

Department of Mechanical Engineering, Sasi Institute of Technology & Engineering, Tadepalligudem, West Godavari (Dt), Andhra
India

Pradesh,

Received 15 Oct 2018, Accepted 20 Dec 2018, Available online 22 Dec, Vol.8, No.6 (Nov/Dec 2018)

Abstract

This paper presents a simple technique for the balancing of two types of watt mechanisms. The mathematical basis
for the realization of the method is static and dynamic substitution of distributed masses by concentrated point
masses. Shaking force is balanced by the method of redistribution of masses and adding force counterweights.
Shaking moment is balanced by mounting geared inertia counterweights. The proposed method is illustrated by a

numerical example which proves that better results are produced compared to the results of previous method.
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1. Introduction

When mechanisms run at high speeds, shaking forces
and moments are a dominant cause of mechanism or
machine vibrations. To reduce the impact of these
vibrations one of the approaches is attaching dampers
to the machines. Another approach is dynamic
balancing where the mechanism is designed to exert no
shaking forces and shaking moments at all. The
dynamically balanced mechanisms reduce noise, wear
and fatigue (Lowen, et al, 1968) and improve the
accuracy. The drawbacks of dynamic balancing are the
considerable increase of mass, inertia and complexity
of the mechanism. To omit the complexity of using the
loop equations (Gosselin et al, 2004; Wu Y et al, 2005;
Wu Y et al, 2007; Arakelian et al, 2008 ], most studies
on parallel mechanisms are involved with balancing of
each mechanism link individually. The method of
linearly independent vectors (Berkof et al, 1969) is
most efficient method; however the derivation of the
balance conditions is cumbersome and specific for each
mechanism. The author (Bagci, 1979) applied the
method of linearly independent vectors to derive the
equations for four-, six- and eight-bar planar
mechanisms. A method different from the complex
vector method of (Berkof and Lowen, 1973) was
proposed by (Kochev, 1988) which applies ordinary
vector algebra and develops the balancing equations in
Cartesian form. It was demonstrated (Bagci, 1982) that
idle loops could be added to more general four-bar
linkages in order to achieve the same result. However,
this method enhances the individual forces that the
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linkage exerts on its supports. Angeles et al. (1982)
proved that this problem can be solved by force control
under redundant actuation. In this way the shaking
moment because of these forces is reduced. Ouyng et
al. (2006) presented a novel approach for the force
balancing and the facilitation of the design of
controllers of RTC (Real Time Controllable) for the
five-bar mechanism.

This approach is called Adjusting Kinematic
Parameter (AKP), but it only works for RTC
mechanisms. Cheng and Pei (2006) presented a
concept of using both a linkage balancer and
counterweight disks to reduce shaking force and
shaking moment of high speed presses. Sebastien et al.
(1988) dealt with the problem of shaking force
balancing of high speed manipulators, where shaking
force reduction was 77% but it involves lengthy
derivations. Van der Wijk etal (2012) developed a
concept aiming at low-mass and low-inertia dynamic
balancing with duplicate mechanism, counter mass,
separate counter-rotation and a counter-rotary
counter-mass. But the best compromise for low-mass
and low-inertia is duplicate mechanism more over it
requires a considerable space. Hong-sen Y and Guo-
jhih  Yan (2009) proposed an integrated design
approach for variable input speed servo four-bar
linkages where the dimensions of the links, the
counterweights, the input speed trajectory and the
controller parameters are considered as the design
variables simultaneously but the optimization problem
will be more lengthy when the number of links is more
than four. Gao Feng (1989) and Arakelian et al. (1999)
proposed methods for shaking moment balancing by
using geared inertia counter-weights. The present
research is the extension of the work carried out by
authors (Gao Feng 1989; Arakelian et al, 1999).
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The paper is organized as follows: section 1 deals with
the introduction, section 2 presents shaking force and
shaking moment balancing of sub-linkages. Section 3
discusses balancing of Watt mechanism and section 4
gives the conclusions.

2. Shaking force and shaking moment balancing of
two types of watt mechanisms

2.1 Articulation dyad

2.1.1 Complete shaking force and shaking moment
balancing of an articulation dyad

An open kinematic chain of two binary links and one
joint is called a dyad.When two links are articulated by
a joint so that movement is possible that arrangement
of links is known as articulation dyad.The scheme of
complete shaking force and shaking moment balancing
of an articulation dyad (Gao Feng 1989, Arakelian et al.
1999) is shown in Fig.1.

Fig.1 Complete shaking force and shaking moment
balancing of an articulation Dyad

For shaking force balancing link 2 is dynamically
replaced by two point masses. A counterweight

Mewy =(m2|m)/rCW2 is added to link 2 which

permits the displacement of the center of mass of link 2
to joint A. Then, by means of a counterweight with
m,, =[(m, +m +ml 1/r,, a

mass o Mo

complete balancing of shaking force is achieved. A
complete shaking moment balance is realized through
four gear inertia counter weights 3-6, one of them
being of the planetary type Gao Feng (1989) and
mounted on link 2.

2.1.2 Complete shaking force and shaking moment
balancing of an articulation dyad by gear inertia
counterweights mounted on the base

The scheme used in the present work [Fig.2] is
distinguished from the earlier scheme by the fact that
gear 3 is mounted on the base and is linked
kinematically with link2 through link1'.

To prove the advantages of such a balancing, the

application of the new system with the mass of link i
not taken into account is considered. In  this case
(compared to the usual method Fig.1), the mass of the
counter weight of link 1 will be reduced by an amount

m,l
o, ="S037 W
1

where, m; is the mass of gear 3,
los is the distance between the centers of hinges O
and A, r,,, is the rotation radius of the center of mass

of the counter weight.

el

Fig. 2 Complete shaking force and shaking moment
balancing of an articulation dyad by gear inertia
counterweights mounted on the base

It is obvious that the moment of inertia of the links is
correspondingly reduced. If the gear inertias are made
in the form of heavy rims in order to obtain a large
moment of inertia, the moments of inertia of the gear
inertia counter weights may be presented as

mD; .
I 4 (i=3...6).
Consequently, the mass of gear 6 will be reduced by an
amount
Te

ome = 4(mylgy +omg,, r2, )—E—
DgTs

W1 cwy

(2)

Where,
T; and T, are the numbers of teeth of the corresponding

gears. Thus, the total mass of the system will be
reduced by an amount
om=omy,, +omg (3)

Here the complete shaking force and shaking moment
balancing of the articulation dyad with the mass and
inertia of link 1’ taken into account is considered. For

this purpose initially, statically replace mass ml' of link
1" by two point masses Mg and M, at the centers of
the hinges B and C
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mp =mylcs, [lpc

me =mylgs, [lpc

(4)

Where,
|BC is the length of link 1,

Icsl, and |le, are the distances between the centers of

joints C and B and the center of mass Sl' of link 1",
respectively.

After such an arrangement of masses the moment of
inertia of link 1" will be equal to

Is; =15 —mylpg;lcs; (5)

where,
|s1' is the moment of inertia of link 1’ about the center

of mass S, of the link.

Thus a new dynamic model of the system is obtained,
where the link 1’ is represented by two point masses

*
Mg, M. and has a moment of inertia | s

This fact allows for an easy determination of the
parameters of the balancing elements as follows:

m;WZ :(mZIAS2 +mBIAB)/rCW2 (6)

where,
M, is the mass of link 2

|/_\B is the distance between the centers of the hinges A
and B

|ASZ is the distance of the center of hinge A from the
center mass of S, of link 2

Few, is the rotation radius of the center of mass of the

counterweight with respect toA  and
m.,, =lm, +m_ +m)I, + mlIOSl]/rCWl (7)

where,
M, is the mass of link 1,

|osl is the distance of the joint center O from the

center of mass S, of link 1.

Also, Mg, =Mcloc / low, (8)
where,
Ioc = IAB'

I‘CW3 is the rotation radius of the center of mass of the

counterweight.

Taking into account the mass of link 1" brings about
the correction in Eq.(3) in this case,

5m:5mCW1 +5m6—5mi (9)

where,
omj is the value that determines the change in the

distribution of the masses of the system links resulting
from the addition of link1'.

2.2 Asymmetric link with three rotational pairs

A link with three nodes is called ternary link, where
nodes are points for attachment to other links. In the
earlier research by Gao Feng (1989) relating to
balancing of linkages with a dynamic substitution of
the masses of the link by three rotational pairs shown
in Fig.3 two replacement points A and B are
considered. This results in the need to increase the
mass of the counter weight. However, such a solution
may be avoided by considering the problem of dynamic
substitution of link masses by three point masses.
Usually the center of mass of such an asymmetric link
is located inside a triangle formed by these points.

C

Fig.3 Dynamic substitution of the masses of the link by
three rotational pairs

The conditions for dynamic substitution of masses are
the following:

1 1 1 my m;

IAeigA IBeiHB Icewf mp|=| 0

13 12 it |me| |,
Where,

my,mg,and,m; are point masses,
|A,|B and |C are the moduli of radius vectors of

corresponding points,
64,65 and g, are angular positions of radius vectors;

M; is the mass of link,

I is the moment of inertia of the link about an axis

through S; (axial moment of inertia of link).
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From this system of equations the masses are obtained

my =D, /D;;mg =Dg /D;;mg = D¢ | D; (10)

where, D,,Dz, D and D; are determinants of the
third order obtained from the above system of
equations.

3. Balancing of Watt mechanisms

3.1 Watt mechanism with three fixed points

Watt mechanism consists of six links out of them two
are ternary and the remaining four are binary links. In
Watt mechanism two ternary links are directly
connected to one another. This mechanism is obtained
when one of the ternary links in the basic Watt chain is
fixed. This is a simple mechanism as the radii of path
curvature of all motion transfer points are known. This
mechanism is used in steam engines and is also used to
oscillate the agitator in some washing machines. In the
Watt mechanism with three fixed points shown in
Fig.4, link 1 and 3 are ternary links and all other links
are binary links. The balanced Watt mechanism with
three fixed points is shown in Fig.5

777 ¢

Fig.4 Watt mechanism with three fixed points

3.1.1 Shaking force balancing of the mechanism

For shaking force balancing link 3 is dynamically
replaced by three point masses mpz,mc3; and mp;z

and then considered the problems of sub-linkages OAB
and DEF.

The dynamic conditions for link 3 to be replaced by
three point masses are

1 1 1 mpg3 ms

[BEIHB ICe ¢ IDGIHD Mme3 | = 0
2 2 2

Ig Ic Ip mps3 | | Is,

D D, D
Mp3 = Vgimm: 73:’"03: %3i

(11)

where,
Ig,lc,lp
corresponding points,

of radius vectors  of
65.6,,6p
positions of radius vectors, n,_ is the mass of link 3

are the moduli
are the angular

Ig, is the mass moment of inertia link 3 about its center

third order

determinants obtained from the system of equations
For sub-linkage DEF link 4 is dynamically replaced by

Mp, and My, and then
kinematically linked link 4 and its corresponding gear
inertia counterweight 7 by link 5 and link 5" is

of mass, Dg,D;,Dp and D; are the

two point masses

statically replaced by two point masses Mgand M,

and attached a counterweight My, against link

4.Then link 5 has been dynamically replaced by two
point masses Mg, My and attached a counterweight

mCW5 againstit.

For link 4 to be dynamically replaced by two point
masses the condition to be satisfied

2 _
ki =Ips,lp,s,

where,
k, is the radius of gyration of link 4 about its center of

mass.
Ips, isarbitrarily fixed and

lp,s, is obtained from the above condition.

mylps
Mna = 454
b4 (Ips, +IP4S4)
mylpg
Mmpy = 4
P4 %054 +IP4S4)

For link 5 to be dynamically replaced by two point
masses the condition to be satisfied is

2 _
ks =lgs, Ips,

where
Ky is the radius of gyration of link 5 about its center of

mass
lgs, is arbitrarily fixed and

s, is obtained from the above condition.

mslp, s,
Moe = TSRS
£ AES:. _F-P:.S:. )
mslgs,
mes = Ues, +1ps,)

and counterweight mass against ‘G’ is equal to

mglpg
m, =
W /rcw7
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!
m.. = Mslus,
¢ len
. = MslGs;
H len

ke '
Is, =I5, —mslgs lys,

_ (mylgs, +mpslpg + mHIEfy

Tew,

(12)

Mey,

mo = ((Ma+mp3+my +mey, Ygp +mslgs, )
s row,

Where ey, =(lps, —lgs, ), is the radius of rotation of

counterweight Mgy, and

rew, =(lps, —lrs;) s the

radius of rotation of counterweight me,,

For sub-linkage OAB link 2 is dynamically replaced by
two point masses Mg,, My, and then kinematically

linked link 2 and its corresponding gear inertia
counterweight 11 by link 1’ and link 1" is statically

replaced by two point massesM;,M; and attached a

counterweight Meyy, against link 2. Then link 1 is

dynamically replaced by two point masses M,,, My,
and attached a counterweight Mey, against it.

For link 2 to be dynamically replaced by two point

masses the condition to be satisfied is k22 =lgs,lps,

where,

k2 is the radius of gyration of link 2 about its center of
mass,

lgs, is arbitrarily fixed and lp, is obtained from the

above condition.

(Igs, +1p;s,)
BS,

(Igs, +1p,s,)
For link 1 to be dynamically replaced by two point
masses the condition to be satisfied is

m;
Mpy =

2 _
ki =las,Ips,

where,

|(l is the radius of gyration of link 1 about its center of
mass,
I as, is arbitrarily fixed and

Ips, is obtained from the above condition.

myr

1Tps

My = 131
%ASI'HF&SI)

Mo = Myl as,
pL =
(Ins, +1ps,)

U
1= Iy
m :miljss
J Iy
_milo
mCWll - /Cwll

¥ ’ ryr
Is =Is —myljg Ijs,

. M2 Las, +mpslap +m;ly)
W, Tew,

o (ma +mpz +my+mey, Yoy +mylos, )
" Tew,

Where, My, is the counterweight attached against

point mass M,
few, =(lps, —las,), is the radius of rotation of

counterweight My, , and  feoy =(lps —log ) is  the

radius of rotation of counterweight mcy,

3.1.2 Shaking moment balancing of the mechanism

The shaking moments generated by links 1, 2, 4 and 5
are given in eq. (13).The links 2 and 4 are not directly
connected to the frame, the geared inertia
counterweights required to balance the shaking
moments of these two links are mounted on the base of
the mechanism, by kinematically linking them to the
corresponding links by links of known mass and center
of mass.

The shaking moment generated by the linkage is
determined by the sum

(VR VLV L VELR VL
M1im =(ls, erllésJ +(Mey, +My +m, +m53)|(2)A +Mew, I'czwl + |§: *milés] )y
Mém =(ls, +m5|§ss +(Mey, +My +my +mD3)IéF +mcw5"czw5 + |éz +mé||':255 )as
M3" = (@2m,13))e,
M = (@mglEs)ay

(13)
where, MI"*, M are the shaking moments of rotating
links 1 and 5 respectively
I ,Is. are mass moments of inertia of links 1 and 5
about their centers of masses respectively

I Is. are the changed moments of inertia of links

1'5' respectively

aq,0p,a4,05 are the angular accelerations of links
1,2,4 and 5 respectively
For shaking moment balancing 8 gear inertia

counterweights are used, four at F and four at O.

Fig.5 Balanced Watt mechanism with three fixed
points
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3.2 Watt mechanism with two fixed points

The Watt mechanism with two fixed points is obtained
when one of the binary links in the basic Watt chain is
fixed. This mechanism is generally used in steam
engines. In the Watt mechanism with two fixed points
shown in fig.6, links 2and 3 are ternary links and all
other links are binary links. The balanced Watt
mechanism with two fixed points is shown in fig.7

Fig.6 Watt Mechanism with two fixed points
3.2.1 Shaking force balancing of the mechanism

Here the link 2 is dynamically replaced by three point
masses m,,, Mg,, Mo, by using the following conditions

1 1 mo2
lp,e%02  Letf4 1y e‘gB l [ l
lozz lAZ mBz 152
DOZ DA2 DBZ
— 202 = 42 = -2 14
mop, Dy » My, D, ,Mp, D, (14)

Where [y, I, lg are the moduli of radius vectors of
corresponding points.

00,, 04, 05 Are the angular positions of radius vectors
m, Is mass of link 2

I, Is the mass moment of inertia of link 2 about its
centre of mass

Do, Dya,, D, And D, are the third order determinants
obtained from the system of equations

Fig.7 Balanced Watt mechanism with two fixed points

For link 6 to be statically replaced by the point masses
me, and mp,

_ mglpsg
Mgy =——
cD

me = Mmelcsg
b, = ——=8
6 lep

Changed mass moment of inertia I =

6 15,'6 -
melnsslcs6

For link 5 to be dynamically replaced by two point
masses m, and mp_ the condition to be satisfied is

2 _
kS - lCSS lPsSS

Where [¢g, is arbitrarily taken and [p s is obtained
from the above condition

m _ msg lP555
= —— 1555
5 (lpgsstlcss)
Mo = mslcsg
b = — 5
5  (lpgsstipss)

After link 5 is dynamically replaced by two point
masses it is kinematically connected to its
corresponding gear inertia counter weight 8 by link 2’
more over link 2’ is statically replaced by two point
masses mg; and mg

i
mylips
mG =2 2
lrg

1y’

_ myl GS,
FG
Counterweight my,, can be obtained as

(Mmeelpe + melpe +ms lBSS)
Mew, =

15
o, (15)

Where 71¢y, = lps, — lcs, is radius of rotation of

counterweight mcy,

Link 3 is dynamically replaced by three point
masses mys, Mp3, Me3 by using the following conditions

153 l

1 mA3
64 190
lyet"4s l e lBe [mD3

La
_ Das _ Dps Dgs
My3 =~ Mp3 = —~, Mgz = — (16)
3 3 Dy
Where 1,,lp,lg are the moduli of radius vectors of

corresponding points
03,0p, 0 are the angular positions of radius vectors

M, is the mass of link 3

I3 Is the mass moment of inertia of link 2 about its
centre of mass

D3, Dp3, Dgs And D, are the third order determinants
obtained from the system of equations.

Counterweight against point B of link 2 can be obtained
as

+_ (mew, +mp +ms +mceg)lo,p
mB = '
lo,B

Where I'02B is arbitrarily fixed
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Counterweight against point A of link 3 can be obtained
as

' (mA2+mA3)IOA
OZA

Where I(')ZA is arbitrarily chosen

Counterweight against point D of link 3 can be
obtained as

ma = (Mp3 +mD6)|D7
D I'
DE

Where II'DE is arbitrarily chosen

For link 4 to be dynamically replaced by two point
masses Mg,4, Mp, the condition to be satisfied is

2 _ . . o
ki =lgs,lps, » where |gg, is arbitrarily is chosen and

Ip,s, is obtained from the above condition

(Ips, +1es,)’

m _Mylgs,
P4 (Ips, +1es,)
494 4

Counterweight against link 4 can be obtained as
(Me3 +Mpg +Mp)lo,e

few,

Moy, =

Where fey, =lps, —lo,s, is the radius of rotation of

counterweight Mcyy,

3.2.2 Shaking moment balancing of the mechanism

The shaking moments generated by links 2, 4 and 5 are
given in eq. (17).

The shaking moment generated by the mechanism can
be determined by the sum

Mlnt Mlnt+M|nt+M|nt (17)
Where

M'”‘:(I +m2IGSZIF52 (m,, +m, )IOZA (Mg + Mg+ +m )If>2B
M= (1, +m4lf,454 CW4rCWA(m +My, +m, +m, )|§4E)

M = (ZmGIQZG)

M MI™ MM are the shaking moments of rotating
links 2,4 and 5 respectively
s, I's, are the mass moment of inertia of links 2 and 4

respectively

a,,04,as are the angular accelerations of links

2,4,and 5 respectively

For shaking moment balancing 6 gear inertia
counterweights are used four at 02 and two at O,.

Shaking force of the mechanism by the proposed
method:

—(MA, +mA, +mA, +MA, +MmA, +mA,)

Proposed -

Shaking moment of the mechanism by the proposed
method:

Mint Mmt

int int
proposed — M 4t M 5

Shaking force of the mechanism by Gao Feng’s method:

Faofeng = —(MpAgy + M3Ags + My Agy + MsAgs + MgAge + MggAgg)

Shaking moment of the mechanism by Gao Feng's
method:

int int int int 2
MGaofeng =Mz + My + Mz +(Isg +2mgglig )y

Numerical example: The Watt mechanism with two
fixed points shown in Fig.6 has the following
parameters:

my =2kg,ky =0.1198m,m3 =1.8kg,

ks =0.1178m,

my =7kg,ky =0.237m,ms =2.8kg,

ks =0.934m,mg =3kg, kg =0.369m,

I43 =3.7m,lz =5.8m,1 =5.6m,6, =0°,
O =117°,

0o, =262°,1, =5m,1, =2.6m,

Ig =37,

lp,p =5,10,4 =2.3m,lyp =9m,lpc =8m,
lcp =6m,lgp =2.1m,

lo,p =9m,lpg =7m,lyp =5m,l,p =2.5m,
O =0°,0,4 =208°,0, =147°,m} = 0.5kg,
wy=10rad /s,y = 10md/s2

3.2.3 Comparison between the results of Proposed and
Gao Feng methods

’ OZBl"he results of shaking force and shaking moment by

Proposed method and Gao Feng method for Watt
mechanism with two fixed points are shown in tables 1
and 2

Table 1 Shaking force comparison of Watt mechanism
with two fixed points

Shaking force Shaking force
Crank . .
angle(deg) generated in genef‘ated in Gao
proposed method N | Feng’s method N
0 2726.43 15285.24
90 1840.32 14399.16
180 791.96 13350.82
270 923.45 13482.31
360 2726.43 15285.24
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Table 2 Shaking moment comparison of Watt
mechanism with two fixed points

Shaking moment Shaking moment
Crank generated in generated in Gao
angle(deg) proposed method Feng’s
*105N-m method*105 N-m
0 -468.22 -468.19
90 -5.23 -5.18
180 33.17 33.23
270 39.41 39.46
360 -468.22 -468.19

The shaking forces in Watt mechanism with two fixed
points are determined at intervals of 900. At all
positions better results are produced by Proposed
method. Shaking force of the mechanism is maximum,
2726.43 N, at 09 and minimum, 791.96 N, at 1809 in
the proposed method. The shaking force gradually
decreases from maximum at 0° to minimum at 180°
and again gradually increases to maximum at 3600 .The
shaking moment of Watt mechanism with two fixed
points is maximum, 468.2x105 N-m, at 09 and
minimum,-5.23x10> N-m, at 90°.The shaking moment
gradually decreases from 0° to 900 and again increases
to maximum at 360°.

Conclusions

It can be observed from the numerical example that
shaking forces by proposed method are very much less
at all intervals of crank angle, than that of by Gao
Feng’s method. As there is only one planetary gear 8 to
be mounted on the base of the mechanism, there is a
little improvement in the shaking moment balancing,
but the shaking forces have been substantially reduced.
Though the results of a numerical example are not
available in the literature to make a comparison in
tables 1 & 2, the balanced mechanisms of both the
proposed and Gao Feng methods can be compared
construction wise. It can be observed that the balanced
mechanism of proposed method is constructively more
efficient, compact and occupies less space.
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