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Shaking and Balance of a Convertible One- and Two-Cylinder

Reciprocating Compr essor
Chin Guan Ong
(ABSTRACT)

This research involves the study of a one- and two-cylinder convertible reciprocating
Freon compressor for air conditioning or refrigeration purposes. The main concern is the
reduction of the vibration (noise) caused during the operation of the compressor. Vibration is a
main concern when the compressor is shifted from the one-cylinder operation to the two-cylinder
operation mode and the reverse of this shift.

The objectives for this research are (1) to investigate the shaking force due to the
reciprocating mass at high frequencies, which are up to 4600 Hz (80w) in this research; (2) to
determine the dominant force for compressor vibration among the three possible sources of
shaking force due to reciprocating mass, impact forces due to clearance at the connecting rod —
piston joint, and the z-axis force from the motor torque due to the rotor’s conductor rods being
skewed at an angle; (3) to minimize the difference in change of kinetic energies when switching
between the one- and two-cylinder operating modes of the compressor.

The properties of the vibration in one- and two-cylinder operation have been studied
and results have been analyzed in terms of kinetic energies generated in different setting of
operation of the compressor. Dynamic simulation for the impact force is computed using
SIMULINK. The Z-axis force due to the motor is computed. Results indicated that shaking
force due to the reciprocating mass is the dominant force for only the first two harmonics (w,
20). An optimization routine based on Hooke and Jeeves pattern search method is developed and
an optimized setting of angle, force, and torque for balancing of the crankshaft to achieve
objective (3) is determined.
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Chapter 1. Introduction

The compressor selected for evaluation is the Bristol H23A two-cylinder reciprocating
Freon compressor for air conditioning or refrigeration purposes. Depending on the rotating
direction of the crankshaft, the compressor can function in two-cylinder or one-cylinder
operating modes. The purpose of the different operating modes is to minimize the energy and
wear that will be incurred during the starting up — shutting down cycle of the compressor. For
example, if the working environment of the compressor only calls for 40% capacity cooling, and
the compressor can only run in a full (100%) capacity of two-cylinder operating mode, the duty
cycle of the compressor will be at 40% with the attendant frequent on/off cycling. However, if
the compressor is able to run at haf (50%) capacity (i.e., the one-cylinder operating mode), the
compressor will have alonger duty cycle, hence minimize the energy losses and wear during the
start up of the compressor.

The driving source of the compressor is a three-phase, 5.4 kW electric motor with a
rotational speed of 3450 rpm. Both compressor and electric motor are housed in a hermetic shell
viatwo side springs, one top spring, and a shock-loop structure to isolate the compressor motions
and force from the shell. Figure 1.1 shows the internal components of the compressor that are
surrounded by the hermetic shell.

There are three main objectives for this research: (1) To investigate the effect of
compressor shaking at high frequencies. General practice in generating the acceleration
information of the slider-crank mechanism is only for the first two harmonics of the binomial
series expansion, where harmonics range higher than 2w are deemed insignificant. In this
research, kinetic energies for harmonics up to the order of 80w are generated. (2) To determine
the dominant force that resulted in the shaking of the compressor. The three forces that are
investigated are the shaking force due to the reciprocating mass; the impact force due to the
clearance between the reciprocating (wrist pin) end of the connecting rod and piston; the possible
Z-axis force in the motor due to the skew of the conductor rods of the rotor. The shaking force
due to the reciprocating mass is computed by Fs = MecipAyiston, Where the reciprocating mass is
the summation of the piston mass, the wrist pin mass, and the reciprocating point mass of the
connecting rod. The impact force is computed by using SIMULINK to perform a dynamic

simulation of the reciprocating end of the connecting rod with the piston when in motion. The Z-



axis force of the motor is computed by assuming a certain skew angle of the conductor rods, with
the Z-moment, T, of the motor computed by Zheng [7]. (3) The method that can be applied to
minimize the difference in kinetic energies between the two operating modes of the compressor,
so as to reduce the shaking and hence the vibration and in turn the noise of the compressor when
switching from the one-cylinder to the two-cylinder operating mode and vice versa. An
optimization algorithm is applied in finding the best setting in terms of angle, force and torque

for the crankshaft to achieve thisaim.
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1.1 Background on Shaking Force and Shaking Couple

This section serves as a general background understanding on the generation of shaking
force and shaking couple in a reciprocating machine. It is mainly extracted from Mabie and
Reinholtz [1].

F,
! 41 Engine
block
4—X  Modes of
¢ oscillations
S=F
)
i

Z  Flexible
Z4"mounts
T

Figure 1.2 Modes of oscillations due to shaking force. (From Mabie and Reinholtz [1])

Figure 1.2 shows a free-body diagram of a dlider-crank mechanism. Fo, is the inertia
force vector acting on the piston center (link 4), whereby the magnitude is Fos = MsAg. Fgs is
the inertia force vector acting on the reciprocating point mass of the connecting rod, Mgz, which
is located at the wrist pin center B and coincide with the piston center. The magnitude of Fgz is
Fgss = MgsAg. It is noted that since the piston center coincides with the wrist pin center B, Aga =
Ag. F4 is the horizonta reactive force of the piston on the cylinder wall. Fy; is the force of the
crankshaft acting on the main bearings fixed to the engine block. The summation of the inertia
forces Fo, and Fg3 will generate a resultant shaking force S, which in turn will cause the engine
block to oscillate up and down depending on the direction of the inertia forces during the phases

of the mechanism cycle. Hence the effect of the reciprocating mass, which is the mass of the



piston My plus the reciprocating point mass Mg3 of the connecting rod, on the engine block is the
vertical shaking or vertical vibration of the engine. The shaking of the engine block is mainly
due to the inertia forces of the reciprocating masses located at the wrist pin. The rotating masses,
which are the masses that rotate with the crankshaft, are normally balanced and hence do not
contribute to the shaking of the engine.

The shaft torque T, with a magnitude of Ts = F4;h, generates a couple that acts on the
engine block, and as the shaft torque changes in magnitude and direction during the phases of the
engine cycle, it causes the block to oscillate in a rotational manner. Hence shaft torque Ts is
being addressed as the Z-axis shaking couple for this single cylinder example. There is an

additional shaking couplein the 2 cylinder machine.



1.2 Data from Previous Wor k

Previous analysis had been done by several students during the period from 1993 to
1995. Among them, Ramakant Arcot [3], in hiswork on the study of the compressor, had defined
the center of mass of the system in a three-dimensional coordinate system. He had also
developed the total assembly stiffness matrix for the three springs and the shock-loop used in
mounting the compressor to the compressor shell. The total mass and inertia matrix defining the
mass and inertia properties of the compressor assembly had also been developed. This
information is the basis of Chapter 3 and is used in this research in decoupling the forced
vibration equations.



Chapter 2. Development of Equations Determining the Higher
Order Terms for Displacement, Velocity, and

Acceleration in Slider-Crank Mechanism

2.1 The Slider-Crank M echanism

The one- and two-cylinder convertible reciprocating compressor utilizes the dider-
crank mechanism in its operation. For the application of this mechanism in a compressor, an
electric motor will be used to drive the crank, in which the force will be transmitted through the
connecting rod to drive the piston to compress the air. Figure 2.1(a) shows a simple layout of the
four-bar dlider-crank mechanism. Link 1 is the ground frame and it is fixed, link 2 is the crank,
link 3 isthe connecting rod, and link 4 is the sider, which in this case is the piston that is dliding

along the cylinder compressing the working fluid.
2.1.1 Equationsfor Displacement, Velocity, and Acceleration of the Sliding Piston

As discussed in Mabie and Reinholtz [1], the displacement X of the sliding piston (link
4) with respect to Top Dead Center (TDC) can be determined by, from Figure 2.1b,

X =(R+L)-(Rcos8 + L cosp)

= R(1-cos8)+ L(1-cosp) (2.1)
It can also be seen that
Lsing =Rsing
sin(p=§sin0 (2.2



Figure 2.1a

Lsn@=Rsin®6

TDC

Figure 2.1b

Figure 2.1 The Slider-Crank Mechanism




By using the trigonometric identity of cosp=+1-sin?¢ and substituting Equation (2.2) into

Equation (2.1), the displacement X can be written as

[ [
X = R(1- cos6) + L3~ 1 R gnzg O 2.3)
. oL O O

Equation(2.3) can be further simplified by approximating the radical 1/1—@?@%26 by

replacing it with the binomial series of

4 6 8
(1152)%:11152—5 L1388 1BBB, g
2 24 246 24063

where B:BBEHnQ )
0oL 0O

In genera application, sufficient accuracy can be obtained by using only the first two terms of

sin%’%

2
= R(l—cost9)+%sin2 6 (2.4)

the series. Applying thisto Equation (2.3) gives

N
[0
Ocr,

0
X = R(1-cosf)+ L1- %—
o O

With 6 = wt where w is constant, and taking the first and second derivatives of X, the velocity

and acceleration of the diding piston are, respectively

V_dx

. R . O
= — = Rwrsind +—sin20 2.5
dt % 2L T H 3)



2
A=9X_ Re? %ose + %coszeg (2.6)

t2

2.1.2 Equationswith the Higher Order Terms

As stated in section 2.1.1, it is of common practice to utilize only at the first two terms
of the binomia series expansion in deriving the displacement, velocity, and acceleration
expressions for a dlider-crank mechanism. In this research, acceleration of higher order in the
binomial series will be taken into consideration instead of just the first two. This allows a closer
examination of the behavior of the reciprocating compressor at higher harmonic frequency.
Harmonic domains of up to 80w will be studied.

The motor that is used to drive the compressor is a three-phase, 5.4 kW electric motor

rotating at 3450 rpm. This can be converted, in term of angular velocity w, to be

1
3450rpmx x 27T = 361.28"ad
P 60sec Aec

As an illustration for determining the derivatives in higher order terms, an expansion of
the expression up to the order of 8 will be used here. In section 3.1.1, the expression for the
displacement of the dlider in the dlider-crank mechanism, before the simplification, has been
determined to be

X = R(1-cosB)+ L (2.7)

MmEO

—\/1—5B sin’@

oL o

MmO

By replacing the radical \/1— E?g sin®@ of Equation (2.7) with the binomial series expansion

of up to the order of 8, we have

10



X = 1 cose +L B“— 108 B® - 10805 B®
o 2[4[6 2468

1B oo, 130 of

= R(1-cos8) +LB:£BZ+
2 23" "2am°  20BE C

Substituting B = E? Esi no into the above expression gives

X = R(1-cosf) +L§DR§sn 9+—HB§sn 9+

6 10305 . g U
@Eﬁgsn 9+2@£6[8E1§§sn 95
(2.8)

To find an expression for the time derivative of X, the powers of sine will have to be
expressed in terms of multiple angles. The conversion will aso alow the determination of a
linear expression in which each term can be studied separately. From Jeffrey [2], this can be

done by utilizing the symbolic expression of

S|n2”9- ~1)"*2 :
k

0s2(n - k)e+§ % (29

wheren=1, 2, ...

In terms of multiple angles, Equation (2.8) can be written as

4
X = R(1-cosf)+ L% Rg%—%cosze%i RE%—%COSZQ +%cos46§+

1B R BE—ECOSZQ %COS%——COSG@E*‘

10315 Rgﬁé—lcosze +lcos46 —i00566 +i00389
24 MB L Q128 16 32 16 128

11



By ssimplifying and regrouping, the displacement X of the dliding piston is expressed as

8 64 2 2 4 4 252 4
= R s CR°(aL +5R ) coseg + RBA +48LR +35R")
16384L 20481 40961
_ R?(512L° +128L“R® + 60L°R* + 35R° )
2048L’

cos46

cos26 — RcosB

, RI16384L" +4096L°R+ 768L'R® + 320L°R® +175R’)
16384L°

(2.10)

By taking the time derivatives of X with 6 = i, the velocity V = (jj_)t( is

3 6 2 2
_ 5Ra)7sin89+3Ra)(4L +5R <60 - 7
20481 10241 10241
, R°w(512L° +128L'R? + 60L°R" +35R’)
10241

4 4 2p2 4
Rw(paL’ +48L°R? +35R*) . o

sin260 + Rwsin 26 (2.11)
And the acceleration A:d—v is

8,.2 6,.2 2 2 4 .2 4 2p2 4
SR gy IR (aL +5R ) cosey - R0 (B4L + 48R’ + 35R )
2561 5121 2561
, R°w?(512L° +128L*R? + 60L°R" + 35R°)
512L’

cos46

c0s20 + Rw’ cos@ (2.12)

It can be seen from here that the process of using Equation (2.9) in converting the
powers of sine to its multiple angle equivaents by hand-calculation can be tedious and time
consuming. However, with the help of adigital computer and appropriate mathematical software,
this process can be made ssimple. The mathematical software used for converting the powers of
sine to its multiple angle equivalents in this part of the thesis is DERIVE” for Windows, version

4.11. By DERIVE", The whole expression of Equation (2.9) can be input as is, and with the

12



appropriate value substituted for n, the multiple angle equivalent of the respective power of sine

can be determined.

2.1.3 Equations Developed for Displacement, Velocity, and Acceleration of the Sliding
Piston for Higher Order Terms

Rewriting Equation (2.8) in terms of its multiple angle equivalent, the process of re-
substituting the determined multiple angle expressions into the binomia expansion proved to be
a painstaking process even with the help of DERIVE". In this research, the frequency domains
that are under study are up to the order of 80, with the coefficients of the acceleration of
concerned. Hence this re-substituting process for distance X and then going through the
derivatives to determine the acceleration can be very tedious and painful, along with a lot of
attention required.

Based on the symbolic expression of Equation (2.9), new symbolic expressions have
been developed for the distance X, velocity V, and acceleration A of the sliding piston, or slider
in the diding-crank mechanism. These symbolic expressions allow the X, V, and A, to be
expressed in their respective higher order terms, without going through the process of
determining multiple angle equivalents of the powers of sine and cosine and the re-substitution.
The three developed symbolic expressions for the distance, velocity, and acceleration,

respectively, are

0 X
_ A R ik o 2] J . L h2s-1
X = R(1-cosf)+ LDJ= EszD: (-1) ng E:OSZ( k)9+ﬁ %EEQ(DJ _Do_5)|;l zs %
B

(213)
00 OmRp’ i
V:Rwsin9+Lgn éi > ()4 k)‘*’%m% 2] k)GDDDLg L 251
227 k EEEIZJ'—%)D 2s
alls g
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(2.14)

0 0 0 jo il
A= oo+ L 2 B ) a( - ) Feosalj 1] goo oz
G of k DD(j—o.s)L:I 2s
H H 0
(2.15)

With the developed symbolic expressions, any higher orders of the expressions for
displacement, velocity, and acceleration of the dlider in a dider-crank mechanism can be
determined by inputting a value for n. For example, to determine the expression for the
acceleration of the slider up to the order of 80, expression (2.15) isinput into DERIVE” and n is

desired _higher _order
2

values of the acceleration at each respective harmonic can be obtained by substituting the crank

substituted by a value of 40. That is, value of n= . The coefficient

radius R and connecting rod length L with the appropriate values.
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2.2 Developed Symbolic Expressions Verification

The verification of the symbolic expressions developed for the distance, velocity, and
acceleration for higher order terms of the slider in a slider-crank mechanism, Egs. (2.13), (2.14),
and (2.15) respectively, are done by using DERIVE". Two verifications have been done, one by
the truncated values, which follows the general practice of using only the first two terms
comparison, and the other by the long substitution method comparison. Since acceleration is of
concern in this thesis, the verifications will be carried out using the expression for acceleration.
Vaues for the crank radius R will be 0.5 inch and the length of the connecting rod L will be

2.375 inches, with the crankshaft rotating at an angular velocity w of 361 rad/s.
2.2.1 Verification by Truncated Values

In this verification, the truncated values are obtained by Equation (2.6)

2
A= 5 = Rw?[bosg + R cos26
dt O L C

A graph for this expression is plotted in DERIVE" and is compared to the graph plotted by using
the developed expression with the higher order terms up to 80. Both graphs are shown
overlapping each other in Figure 2.2a, with a zoom showing the dight difference in results in
Figure 2.2b.

2.2.2 Verification by Long Substitution Method

This verification is done by comparing the expression obtained by the conventional
converting powers of sine to multiple angle equivalents and re-substitution into the binomial
expansion, in which the procedure has been described in section 2.1.3, to the expression obtained
by the symbolic expression developed. As the substitution procedure is lengthy and tedious,

higher order terms to the order of 10 only will be used for the verification.
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T
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Fi gure 2.2b . -6 ARRA

Figure 2.2a Graphs of truncated values and devel oped expression overlapping
each other.
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Developed expression value

Truncated value

Figure 2.2b Zoom of Figure 2.2a showing a slight difference in results from the two
plots.
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Comparing both the expressions obtained by the long substitution and the developed
expression, and the graphs plotted from both by using DERIVE”, they show a good match. The
graphs plotted are similar to that shown in Figure 2.2a.

From both verifications, it can be concluded that the developed symbolic expressions
for the higher order terms are accurate.
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2.3 The Coefficients of the Harmonic Terms

With vaues substituted for L, R, and w, a numerical coefficient at any desired
harmonic can be obtained. However, one factor that may be overlooked with the coefficients is
that, for example, the coefficient of the 10" harmonic (cos108) of a 10M-order expansion is
different from that of a 20-order expansion. For example, with L = 2.375 inches, R = 0.5 inches,
and w = 361 rad/s, the coefficient of the 10™ harmonic of a 10-order expansion is computed to be
0.000282702 whereas that of a 20-order expansion is computed to be 0.000312864.

To show that the difference in coefficients is not due to the error of the developed
expressions, a demonstration of the differences is done by using hand-calculated expressions of
order of 4 (n = 2) and order of 6 (n = 3) for the comparison. For the expression of 4-order, the

acceleration expression is

2
d z(:Ra)zcose+LEh ng (2cos26) +l ngz 00529—1100546%
dt oL o 8L 0 2 I

,A\4 =
Simplified and regrouped,

A, = Rw?® cosf + L%I%?sz +%§§§w2 %cosze —% ngz %00549 (2.16)

0.0 g

oo

The acceleration expression for the 6-order expression is

d?X
dt?

A%:

:Ra)20059+LEhBBga) (2cos20) +l ngz 00829—11008495
Tk 80L 0 27 L

16 o gw EILCOSZG 3cos40 + 800569%

Simplified and regrouped,
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A, = Rw? cos@+L%ng +1
FLO 40

4
RH&) +— 15 B—ga) ?[cos26
O 128L H

R4 2, 3ERH
Ew +ED gw . os48+?§E§w 5005695 (2.17)

%gﬁ@

0L

By looking at the coefficients of the 4™ harmonic (cos46) in Equation (2.16) and (2.17), it is

. . . 03 Rg ,0. . .
immediately noted that there is an extra term of %E%EDQJ 0 in the coefficient of Equation
g

(2.17) compare to Equation (2.16). This explained the difference in coefficient values of the

same harmonic but different order of expansion.
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Chapter 3. System Parameters and Coor dinate Definition

3.1 The Center of Mass of the Assembled Compr essor

A three-dimensional coordinate system for the compressor assembly had been
determined by Arcot [3] (Figure 3.1). The location of the center of mass (Xg, Yy, Zg) of the
compressor with respect to an origin coordinate axes (Xo, Yo, Zo) defined at the Top Dead Center

of the bottom cylinder is:

(Xg Yq Zg) = (0.01, -3.51, 5.71)
In this research, the offset in Xy will be set to zero as the value is insignificant compared with
that of Y4 and Zy in order to reduce the complexity of the problem. Hence the new center of mass

for the compressor will be:

(Xg Ya Zg) = (0, -351, 5.71)

3.2 The System Massand Inertia Matrix and the Stiffness M atrix

The system mass and inertia matrix, Mg, and the total assembly stiffness matrix, Kg,
used in this research are adapted from those that were developed by Arcot. Accordingly, the

system mass and inertiamatrix is:

™M, 0 0 0O 0 00

0 0

g0 My 0 0 0 0

v —EO 0O M, 0 0 0%
“ g0 0 0 I, -1, -l.g
Bo 0 0 -l, I, —|yzg

50 0 0 -, -1, 1,f
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Figure 3.1 Location of the Compressor Center of Mass (Xg, Yg, Zg)
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With the values of the mass matrix, M;, and the inertiamatrix, I, of the system obtained by Arcot,

206 O 0 0 0 0 O

0 0

g0 206 0 0 0 0 g

[M ~ B 0 0 206 O 0 0 B
“go 0 0 337 0 0
B 0 0 0 0 297 .49 B

50 0 0 0 .49 1450

2

The units of the mass sub-matrix and the inertia sub-matrix are Ibts and Ib.in.s%, respectively.

in
The total assembly stiffness matrix, which is the sum of element stiffness matrix for
Spring #1, Spring #2, Spring #3, and Spring #4 (the shockloop) is

01328 189 141 101 -2123 385 [
5189 1355 364 2246 -141 967
[ ]:514.1 36.4 1079 -115 -159 32.95
0 g101 2246 -115 23046 -903 282 [
[} 2123 -141 -159 -903 30870 -2006U

[ U
§38 967 329 282 -2006 144860

The unit for the system stiffness matrix is E .
in

23



3.3 The Equivalent Masses
3.3.1 The Reciprocating M ass (M recip)

The weight of the individual component of the compressor had been determined and
documented by Arcot [3]. The masses of these components are obtained by weight/g, whereby g
is the gravitational acceleration at 386.088 in/s’. The masses of the sliding crank assembly
components contributing towards the calculation of the reciprocating mass, Meip, iS the
summation of the pistol mass (Mp), the wrist pin mass (Mwp) and the equivalent translational
Mass Mirans, Of the connecting rod at the wrist-pin bearing. These masses will be determined and
used in the calculation of the shaking forces and moments of the compressor at different
frequency domains. Two equivalent masses as discussed by Mabie and Reinholtz [1] can be used
to replace the mass of the connecting rod, M. Referring to Figure 3.2, by locating one of the
equivalent masses M, at the crank bearing, and taking equilibrium of moment at point A, the

equivalent mass Mrans Can thus be determined by

M trans (l rot + Itrans) = M CI'II'Ot

|t
o 3.1
rot + | trans % ( )

where |, is the distance of the center of mass cg of the connecting rod to the crank bearing, and

M trans = M cr

lirans 1S the distance of the connecting rod cg to the wrist-pin bearing. With W, = 0.131 Ib, lyans =
1.75inches, and |, = 0.625 inches,

_H 0.131 % 0.625
e 386.088 [T0N.625+1.75[

Ib.s?

n

=8.929 x 10°

The reciprocating mass is then determined by summing the piston mass My, the wrist pin mass

Muwp, and the trangational mass Myans Of the connecting rod, in which
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Reciprocating mass (Mrecip) =M, + M, + M

trans

_ (0.659+0.075)
386.088
3 Ib.s?

n

+8.9218x10™°

=1.990x10

3.3.2 The Rotating M ass (M;q)

The rotating mass M, is the other equivalent mass beside My ans Of the two masses
mentioned in Section 3.1.3.1. Thismass is used in the calculation of the forces and moments for
the balancing of the crankshaft. By taking moment at point B (referring to Figure 3.2), M can
be determined by

MI’OI (II'Ot + ltrans) = M |

crtrans
I

M rot — M cr s
(lrot + Itrans)
0.131 1.75

~ 386.088[0.625+1.75C
Ib.s®

n

(3.2)

=2.500x10™*
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Figure 3.2 Application of equivalent masses to connecting rod.




3.4 Distance Definition of Cylindersfrom Center of Mass of the Compr essor

Based upon the three-dimensional Cartesian coordinate system defined in section 3.1,
the Z-directional distance to each of the two cylinders with respect to the center of mass of the
compressor has been defined. With the top cylinder of the compressor being assigned as
Cylinder A, the distance from the center of mass of the system to Cylinder A, a, is 3.835 inches.
With the bottom cylinder of the compressor being assigned as Cylinder B, the distance from the
center of mass of the system to Cylinder B, b, is 5.71 inches. The distance between Cylinder A
and Cylinder B, c, isthereforeb—a = (5.71 —3.835) = 1.875inches. (Figure 3.3)
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a=3.835"
Zo c=1.875"
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Figure 3.3 Distances of cylinders from the Center of Mass of the System.
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Chapter 4. The Kinetic and Potential Energies

4.1 The Matrices Formation

4.1.1 TheModal Matrix P

As discussed by Thomson [4], the modal matrix P is an assembly of N norma modes
(p), or eigenvectors, in forming a square matrix where each column in the matrix represents an
eigenvector. Hence for a six degree-of-freedom (6 DOF) system, in which N is 6, the modal

matrix would be written as

0o 070 0700, 0 D 2 7
20 ded g0 den G0 e O
oo el BoH Bl Bl BB BRE g
= 0o oo odododd
+0 040 O%0 040 00 0%0 O
.0 OO 00 DO OeO OO
B BB Bl BB Bl BB

e & & o o o

In this research, the modal matrix P is obtained using MATLAB® by using the command line
[P,D] = eig(A). This will result in two matrices, P and D. Matrix P is the moda matrix as
described above carrying the eigenvectors as column vectors, and D is a diagonal matrix having
the eigenvalues on the diagonal. Matrix A is known as the dynamic matrix and can be obtained
by multiplying the inverse of the system mass and inertia matrix, M, with the system stiffness
matrix, K. In equation form, A= MK,
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4.1.2 Decoupling of the Forced Vibration Equation

For a forced harmonic vibration excited by a harmonic force F, sin «t, the generally

coupled expression can be expressed, in matrix form, as
MX + KX = F, sinat (4.1)

According to Thomson [4], in order to solve the 6 DOF system as a system of 1 DOF, the forced
undamped 6 DOF system will have to be decoupled. By applying the coordinate transformation
X = PY to Equation (4.1), and premultiplying it by the transposed modal matrix P', the
expression obtained will be

(P"MP)Y +(PTKP) =PTF (4.2)

Due to orthogonality, both P'TMP and P'KP will be diagonal matrices in which the off-diagonal
terms are zero. The diagonal terms in the matrix formed from P'MP are generalized mass M;; and
this matrix is called generalized mass matrix. The diagonal terms in the matrix formed from
P'KP are generalized stiffness K;; and this matrix is called generalized stiffness matrix. F is the
force and moment vector column whereby F = {F, Fy F, My My M} . Hence for the 6 DOF

system in this research, Equation (4.2) is expressed as

™, 0 0 0 0 00 K, 0O 0 0 0 00 OF, O
0 0 0 0 O O
Jo M, 0 0 0 o0F Jo K, 0 0 0 0F r,
00 0 M. O O 0. 70 0 K. 0 0 O BF, B
30 0 o0 M. 0 o0 %Y]“*(”*l)mo 6 0 K. 0 o0 EY]GX‘“”):[PE%BV' .
O 44 [l U] 44 [l x[]
0o 0 0 0 M, oU 00 0 0 0 K, 0O EVS
0 0 0
50 0 0 0 0 Myf 50 0 0 0 0 KA i
4.3)

desired _higher _order
) :

where n had been stated in section 3.1.3as n =
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The 6 DOF system is now uncoupled and can be solved as a 1 DOF system.

The solution for Y given by Thomson [4] is

F/
Y]=—E
1 w

wZ

n

l:0
= ﬁ (4.4)

2
1Mo
K

K .
where the natural frequency w, = 1/V . Note that Y, Fo, K, and M are matrices. For example,

Equation (4.4) can be expressed for thefirst was

I:il
Yl ‘A (4.5)

1Mw
K

For the harmonic range of (2n) w, wheren = 1,2,3... Equation (4.5) will be expressed as

F/< (4.6)

M, (2nw)?
K

1_

With the solution of Y available, the origina coordinates X can then be obtained by the
transformation equation X = PY.
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4.1.3 The Shaking Force and Moment Matrix

The notation used to identify different cylinders in operation for the shaking forces and
moment will be
Feys
where ‘cyl’ indicate the cylinder(s) that is in operation, and ‘S indicates the shaking. For
example, Fag s indicates the force and moment vector for the shaking force of both Cylinders A
and B in operation.

4.1.3.1 Both Cylinders A and B in Operation (Fag,s)

As the inertial forces in both the cylinders A and B will be equal and opposite in
direction, acting along the y-axis direction, the summation of forces will therefore be zero. No
forces will be present aong the x- and z-axes. Hence F, = Fy = F, = 0. A couple acting in the x-
axis direction is present due to the coupling forces along the y-axis (Figure 4.1a). The magnitude
of this couple is obtained by multiplying the reciprocating mass Meip With the piston
acceleration and the distance between the couple forces, which is the distance ¢ between the two

cylinders. This gives M, =-M __Xc. There is no moment present in the y- and z-axis

recip
direction, hence My = M, = 0. The shaking force and moment vector for two cylinders in

operation istherefore

O 0 0O
0 0
o 9 o
Fec=0 .0 . H
AB,S - "/
T M recipxcl:]
0 0 U
4 o B

4.1.3.2 Only Cylinder A in Operation (Cylinder B isldle) (Fas)

As only Cylinder A alone is in operation, there will be a shaking force Fs acting in the
y-axis direction due to the piston in Cylinder A since the equal and opposite force by Cylinder B
no longer exist (Figure 4.1b). Hence Fy, = Fs, and Fx = F, = 0. A moment in the x-axis direction
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My = aFs will be generated, with a being the distance of Cylinder A to the center of mass of the
system. My and M, will be zero. The shaking force and moment vector for Cylinder A aonein

operation istherefore

00 O o 0 0O
O O 0 0
DFSD DMrecipr
Fe=AoHor Fue=d. 0 .8
AS — AS v;
#Fs0 M eip X[
Oo U o o O
o 3 0§

with F, =M X..
4.1.3.3 Only Cylinder B in Operation (Cylinder A isldle) (Fgs)

As only Cylinder B alone is in operation, there will be a shaking force Fs acting in the
y-axis direction due to the piston in Cylinder B since the equal and opposite force by Cylinder A
no longer exist (Figure 4.1c). Hence Fy = Fs, and F, = F, = 0. A moment in the x-axis direction
My = bFs will be generated, with b being the distance of Cylinder B to the center of mass of the
system. My and M, will be zero. The shaking force and moment vector for Cylinder B alone in

operation istherefore

00 0O o 0 O
FL Dwax,
L P A
S
E o
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(a) Both Cylinders A and B in

Fs
M,=akFs
X a

d
Y
Fs @ (b) Only Cylinder A in operation.

Z
X N~
x—=bFs b

d \\

Y

(c) Only Cylinder B in operation.
Fs

Figure 4.1 Shaking forces and moments for different operation setting.
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4.1.4 Forces and Moments of Crankshaft Balanced for Different Operation Setting

The notation used to identify the cylinder(s) in operation at differently balanced
crankshaft setting will be

I:cyl Jbal

where ‘cyl’ indicates the cylinder(s) that is in operation, and ‘bal’ indicates the cylinder the
crankshaft is balanced for. For example, Faga indicates the force and moment vector for both
Cylinders A and B in operation with the crankshaft balanced for Cylinder A.

4.1.4.1 Crankshaft Balanced for 2 Cylinders Operation

4.1.4.1.1 Both Cylinders A and B in Operation (Fag2)
For the crankshaft being balanced for both Cylinders A and B in operation, and when
both Cylinders A and B are in operation, the overal forces and moments will be zero (Figure

4.2a). Hence the force and moment vector will be

Fag2 = {O}ext

4.1.4.1.2 Only Cylinder A in Operation (Cylinder B isldle) (Fa?2)

When only Cylinder A isin operation (Cylinder B isidle), forces that will be generated
are Fy = -Fq cos ot and Fy = -Frot Sin wit in the x- and y-axis direction, respectively, where Fiq is
the rotating force at crankshaft. Since there will be no force acting in the z-axis direction, hence
F, = 0. The moments formed are My = -aF Sin wx in the x-axis direction and My = aF¢ COS wt
in the y-axis direction. There will be no moment in the z-axis direction, hence M, = 0 (Figure
4.2b). The force and moment vector will be
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By the principle of superposition, Fa» can be grouped into their respective sine and cosine
function for the analysis. With Fot = M, 6, Where r is the crank radius and M, is the rotating

mass as defined in section 3.3.2, the force and moment vector Fa» will be

O 0 O S—Mrmra)zg
UJ 2 [
D_Mrotrw O U] 0 U]
0 ) 0
Fas :% z%an% %poswt
' D—aMmtra) M 0 0 0
o o O EaMmtrwzg
= o H g o F

4.1.4.1.3 Only Cylinder B in Operation (Cylinder A isldle) (Fg?2)

When only Cylinder B isin operation (Cylinder A isidle), forces that will be generated
are Fy = Frot cos wit and Fy = Fro Sin ot in the X- and y-axis direction, respectively. There will be
no force acting in the z direction, therefore F, = 0. The moments formed are My = bFo Sin wt in
the x-axis direction and My, = -bF, cos wt in the y-axis direction. Since there will be no moment

in the z-axis direction, hence M, = 0 (Figure 4.2c). The force and moment vector will be
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(a) Both Cylinders A and B in operation.

(b) Only Cylinder A in operation.

(@ (c) Only Cylinder B in operation.

Figure 4.2 Crankshaft balanced for 2 cylinders operation.
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As in the previous section, Fg» will be grouped into its respective sine and cosine function for

the analysis. With F = M, o, the force and moment vector Fg, will be

O 0 O SMrmrwz B
UJ > U
DMrotrw (] D 0 D
0
z%an% %:oswt
B’JMMW 0 o 0 g
O LM, rw?C
E E D rot D
0 H 0 H

4.1.4.2 Crankshaft Balanced for Only Cylinder A in Operation

4.1.4.2.1 Both Cylinders A and B in Operation (Fag )

When both Cylinders A and B are in operation, forces that will be generated are Fy =
Frot COS wt in the x-axis direction and Fy = F;o; Sin wt in the y-axis direction. As there will be no
force acting in the z-axis direction, hence F, = 0. The moments formed are My = bF; Sin «t in
the x-axis direction and My = -bF cos wt in the y-axis direction. Moment in the z-axis direction
does not exist in this case, hence M, = 0 (Figure 4.3b). With F = M,qr, the force and moment

vector will be

O 0 O BM,mrwz B
UJ 2 [
DMrotrw O U] 0 ]
0
Fasa Esme% %coswt
%Mrmrw 0 o 0 g
O LM, rew?d
E E D rot |:|
0 H 0 H

4.1.4.2.2 Only Cylinder A in Operation (Cylinder Bisldle) (Faa)
For the crankshaft being balanced for only Cylinder A in operation, and when only
Cylinder A isin operation, the overal forces and moments will be zero (Figure 4.3a). Hence the

force and moment vector will be
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Faa= {O}ex1

4.1.4.3 Crankshaft Balanced for Only Cylinder B in Operation

4.1.4.3.1 Both Cylinders A and B in Operation (Fagg)

When both Cylinders A and B are in operation, the generated forces are Fx = -Fqt COS
wt and Fy = -Frot Sin ot in the x- and y-axis direction, respectively. As there will be no force
acting in the z-axis direction, hence F, = 0. The moments formed are My = -aFo Sin &t in the x-
axis direct and My = aF cos wt in the y-axis direction. There will be no moment in the z-axis

direction, hence M, = 0 (Figure 4.4b). The force and moment vector will be

o 0 O S—Mrmra)zg
[l 2 [
D_Mrotrw O U] 0 U]
0 ) 0
Fais :% Esmwug %poswt
' D—aMmtra) M 0 0 0
o o O EaMmtrwzg
5= o H g o F

4.1.4.3.2 Only Cylinder B in Operation (Cylinder A isldle) (Fgg)
For the crankshaft being balanced for only Cylinder B in operation, and when only
Cylinder B isin operation, the overal forces and moments will be zero (Figure 4.4a). Hence the

force and moment vector will be

Feg = {O}ex1
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(@) Only Cylinder A in operation.

=0
'My
Mx\ 7
QEZ\F
X a
_ b
0=ut v L
© 0
b (b) Both Cylinders A and B in operation.
=0

Figure 4.3 Crankshaft balanced for only Cylinder A in operation.
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(@) Only Cylinder B in operation.
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.y (b) Both Cylinders A and B in operation.
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Figure 4.4 Crankshaft balanced for only Cylinder B in operation.
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4.2 Preparation of Datafor MATLAB Computation

4.2.1 The Original Coordinates X

In section 4.1.4, as the force and moment vector F, is split and grouped under the same

function of sine and cosineg, it gives rise to two sets of vibration equations. They are

MX, + KX, = Fsinat (4.7)
for the sine function, and

MX_ + KX, = F cosat (4.8)

for the cosine function. The procedure of decoupling of the forced vibration system will be
applied to both Equation (4.5) and (4.6) to determine the origina coordinates in term of Xs and
Xe, Whereby Xs = {Xg sin wt and X. = {X;} cos wt. The origina coordinates X is then determined

by
X :{JXS2 + Xf}sin(wt + ) (4.9)

where ¢ = tan‘l% is the phase angle. As in the original coordinates X obtained, {1/ X2+ Xf}

will be used towards the computation of the kinetic energies and potential energies for the
harmonic domain of w, 2w, 4w, ...(2n) w.
4.2.2 Kinetic Energy and Potential Energy

4.2.2.1 TheKinetic Energy

The kinetic energy is being expressed as

42



:%[ouX]T M [wX]

w2
KE == XTMX (4.10)

For the kinetic energies by shaking forces and moments, the total kinetic energy will be
the summation of the individual kinetic energies obtained from the frequency domain of wy, wy,
Wy, ... t0 Wyo. Hence KEgnaking = Z(KE1 + KE; + KE4 + ... + KEgp). The kinetic energies due to the
shaking forces and moments for both Cylinders A and B in operation; only Cylinder A in
operation; and only Cylinder B in operation are computed and listed in Table 4.1.

For the balanced crankshaft, the force and moment vector will generate a single kinetic
energy value as the crankshaft is rotating at a constant angular velocity w of 361 rad/s, with the
rotating mass M, and crank radiusr remain constant.

For crankshaft balanced for both Cylinders A and B in operation, no kinetic energy will
be generated when both Cylinders A and B are in operation as the force and moment vector is a
zero column vector (Section 4.1.4.1.1). Hence KEpg > = 0. However, when only Cylinder A isin
operation (Section 4.1.4.1.2), the kinetic energy KEa» is computed to be 2.176216x107? in-lb.
When only Cylinder B is in operation (Section 4.1.4.1.3), the kinetic energy KEg, computed is
3.503765x107 in-lb.

For the crankshaft balanced for only Cylinder A in operation, the force and moment
vector column will be zero when only Cylinder A isin operation, hence kinetic energy KEa a will
be zero (Section 4.1.4.2.2). When both Cylinders A and B are in operation, the kinetic energy
KEaga computed is 3.503765x10°2 in-lb (Section 4.1.4.2.1).

For the crankshaft balanced for only Cylinder B in operation, the force and moment
vector column will be zero resulting the kinetic energy KEg g to be zero when only Cylinder B is
in operation (Section 4.1.4.3.2). When both Cylinders A and B are in operation, the kinetic

energy



Table 4.1 Kinetic energies by shaking forces and moments at w = 361 rad/s. (Cylinder
indicated isin operation mode, and unit of KE isin-l1b)

Omega

Cylinder A + B

Cylinder A

Cylinder B

1

7.074184E-02

6.089413E-01

9.654016E-01

2

7.392630E-04

6.158936E-03

9.777933E-03

4

2.327742E-08

1.923965E-07

3.055548E-07

6

1.675635E-12

1.382956E-11

2.196484E-11

8

1.492626E-16

1.231285E-15

1.955636E-15

10

1.466881E-20

1.209763E-19

1.921472E-19

12

1.525540E-24

1.257978E-23

1.998065E-23

14

1.646058E-28

1.357254E-27

2.155754E-27

16

1.822649E-32

1.502787E-31

2.386911E-31

18

2.057270E-36

1.696175E-35

2.694078E-35

20

2.356674E-40

1.942979E-39

3.086087E-39

22

2.731549E-44

2.252007E-43

3.576927E-43

24

3.196402E-48

2.635216E-47

4.185591E-47

26

3.770259E-52

3.108289E-51

4.936989E-51

28

4.476864E-56

3.690798E-55

5.862209E-55

30

5.346377E-60

4.407608E-59

7.000743E-59

32

6.416392E-64

5.289710E-63

8.401815E-63

34

7.733792E-68

6.375752E-67

1.012681E-66

36

9.357062E-72

7.713949E-71

1.225232E-70

38

1.135923E-75

9.364506E-75

1.487395E-74

40

1.383138E-79

1.140250E-78

1.811097E-78

42

1.688707E-83

1.392156E-82

2.211208E-82

44

2.066819E-87

1.703864E-86

2.706304E-86

46

2.535214E-91

2.090001E-90

3.319618E-90

48

3.116054E-95

2.568834E-94

4.080165E-94

50

3.837051E-99

3.163211E-98

5.024233E-98

52

4.732944E-103

3.901767E-102

6.197307E-102

54

5.847098E-107

4.820253E-106

7.656170E-106

56

7.234099E-111

5.963668E-110

9.472296E-110

58

8.962322E-115

7.388379E-114

1.173521E-113

60

1.111715E-118

9.164770E-118

1.455671E-117

62

1.380634E-122

1.138168E-121

1.807791E-121

64

1.716462E-126

1.415017E-125

2.247520E-125

66

2.136169E-130

1.761014E-129

2.797079E-129

68

2.660908E-134

2.193598E-133

3.484167E-133

70

3.316153E-138

2.733767E-137

4.342135E-137

72

4.124043E-142

3.399773E-141

5.399975E-141

74

5.046325E-146

4.160081E-145

6.607598E-145

76

5.718803E-150

4.714455E-149

7.488130E-149

78

4.895808E-154

4.035995E-153

6.410509E-153

80

1.705631E-158

1.406084E-157

2.233331E-157

Total

7.148113E-02

6.151004E-01

9.751798E-01




KEagg computed is 2.2.176216x107? in-lb (Section 1.2.4.3.1). A summary of results for the
kinetic energies computed islisted in Table 4.2.

Table 4.2 Summary of the kinetic and potential energies computed for differently balanced
crankshaft under different operation settings.

Cylinder(s) in operation
Crankshaft Y (s) P
balanced for: 2 Cylinders (A + B) Cylinder A only Cylinder B only
KE (in-Ib) PE (in-Ib) KE (in-b) PE (in-b) KE (in-Ib) pe(in-b)
2 Cylinders (A + B) 0 0 2.176216E-02 | 1.709964E-03 | 3.503765E-02 | 2.817279E-03
Cylinder A only 3.503765E-02 | 2.817279E-03 0 0
Cylinder B only 2.176216E-02 | 1.709964E-03 0 0

4.2.2.2 The Potential Energy
The potential energy is expressed as

PE:%KXZ :%XTKX (4.12)

For the potential energies by shaking forces and moments, the total potential energy will
be the summation of the individual potential energy obtained from the frequency domain of wy,
Uy, Wy, ... t0 Lyo. Hence the total potential energy is PEgaking = Z(PE1 + PE> + PE4 + ... + PEg).
The potential energies computed due to the shaking forces and moments for different operation
setting are listed in Table 4.3.

For the balanced crankshaft, the force and moment vector will generate a single
potential energy value as in the case for kinetic energy. For w constant at 361 rad/s, and for the
crankshaft balanced for 2 cylinders operation, no potential energy PEag, will be generated
during the 2 cylinders operation as the force and moment vector will be a zero column vector
(Section 4.1.4.1.1). When only Cylinder A is in operation with the crankshaft balanced for 2
cylinders operation (Section 4.1.4.1.2), the potential energy PEa, computed is 1.709964x10°2 in-
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Table 4.3 Potential energies by shaking forces and moments at w =361 rad/s. (Cylinder

indicated isin operation mode, and unit of PE isin-lb)

Omega

Cylinder A + B

Cylinder A

Cylinder B

1

4.663143E-03

4.690677E-02

7.336857E-02

2

1.220731E-05

1.185638E-04

1.855525E-04

4

9.614164E-11

9.258647E-10

1.449179E-09

6

3.076191E-15

2.957806E-14

4.629725E-14

8

1.541421E-19

1.481290E-18

2.318620E-18

10

9.695085E-24

9.314522E-23

1.457981E-22

12

7.001986E-28

6.726211E-27

1.052841E-26

14

5.550746E-32

5.331687E-31

8.345598E-31

16

4.705727E-36

4.519774E-35

7.074730E-35

18

4.196728E-40

4.030740E-39

6.309257E-39

20

3.894079E-44

3.739962E-43

5.854110E-43

22

3.730176E-48

3.582476E-47

5.607601E-47

24

3.667794E-52

3.522513E-51

5.513741E-51

26

3.686302E-56

3.540247E-55

5.541501E-55

28

3.774196E-60

3.624625E-59

5.673578E-59

30

3.926303E-64

3.770676E-63

5.902191E-63

32

4.141502E-68

3.977321E-67

6.225650E-67

34

4.421827E-72

4.246511E-71

6.647012E-71

36

4.772014E-76

4.582795E-75

7.173393E-75

38

5.199351E-80

4.993170E-79

7.815748E-79

40

5.713641E-84

5.487049E-83

8.588811E-83

42

6.327371E-88

6.076423E-87

9.511352E-87

44

7.056097E-92

6.776233E-91

1.060676E-90

46

7.918930E-96

7.604829E-95

1.190375E-94

48

8.939022E-100

8.584444E-99

1.343713E-98

50

1.014437E-103

9.741968E-103

1.524899E-102

52

1.156891E-107

1.110998E-106

1.739032E-106

54

1.325319E-111

1.272744E-110

1.992211E-110

56

1.524671E-115

1.464185E-114

2.291872E-114

58

1.760890E-119

1.691032E-118

2.646952E-118

60

2.041073E-123

1.960097E-122

3.068117E-122

62

2.373902E-127

2.279721E-126

3.568420E-126

64

2.769759E-131

2.659870E-130

4.163463E-130

66

3.241272E-135

3.112674E-134

4.872232E-134

68

3.803469E-139

3.652564E-138

5.717316E-138

70

4.473077E-143

4.295602E-142

6.723855E-142

72

5.258066E-147

5.049443E-146

7.903834E-146

74

6.090874E-151

5.849205E-150

9.155693E-150

76

6.544038E-155

6.284387E-154

9.836877E-154

78

5.318671E-159

5.107637E-158

7.994924E-158

80

1.761461E-163

1.691569E-162

2.647793E-162

Total

4.675351E-03

4.702533E-02

7.355412E-02
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Ib. When only Cylinder B is in operation (Section 4.1.4.1.3), the potential energy PEsg.
computed is2.817279%10° in-Ib.

For the crankshaft balanced for only Cylinder A in operation, the force and moment
vector column will be zero when only Cylinder A is in operation, hence the potential energy
PEaa Will be zero (Section 4.1.4.2.2). When 2 cylinders are in operation, the potential energy
PEas computed is 2.817279x10°2 in-Ib (Section 4.1.4.2.1).

For the crankshaft balanced for only Cylinder B in operation, the force and moment
vector column will be zero resulting the potential energy PEg s to be zero when only Cylinder B
isin operation (Section 4.1.4.3.2). When 2 cylinders are in operation, the potential energy PEass
computed is 1.709964x102 in-Ib (Section 4.1.4.3.1).

A summary of results for the potential energies computed islisted in Table 4.2.
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4.3 The Total Kinetic Energy and Total Potential Ener gy
4.3.1 Total Kinetic Energy

The total kinetic energy at different operation setting is obtained by summing the
kinetic energies from shaking forces and moments (Section 4.1.3), and the kinetic energy
obtained from differently balanced crankshaft under different operation setting. Thisis expressed
as

KEigta = KEcyI,S + KEcyI,bal (412)

where the notation of ‘cyl’, 'S, and ‘bal’ used is as explained in the earlier sections.

Table 4.4 Combination possibility between cylinder(s) in operation with crankshaft

balanced for.
Shaking forces and moments
(Cylinder in operation) Crankshaft balanced for:
(1) A and B (i) Aand B
(2) A only (i) A only
(3) B only (iii) B only

Table 4.4 lists the possibilities of combination for the cylinder in different operation
setting with the crankshaft being balanced for.

The total kinetic energy of (1) + (i), for which the kinetic energy from shaking of both
Cylinders A and B in operation, KEag s, and the kinetic energy from crankshaft balanced for both
cylinders in operation, KEag2, Will be from the kinetic energy by the shaking aone. The
crankshaft has been balanced for the two cylinders operation and hence KEpg» is zero. Kinetic
energy of one cylinder in operation, i.e. only Cylinder A or only Cylinder B in operation will not
be considered as the two cylinders operation is of interest in this case. Therefore, the total kinetic

energy in this case will be

KEtota = KEag s + KEag 2

48



=7.148113x102+ 0
=0.07148 in-1b

In the case of (1) + (ii), the total kinetic energy will be the sum of the kinetic energy due
to shaking of 2 cylinders in operation (KEag s) and the kinetic energy from crankshaft balanced
for Cylinder A but Cylinders A and B in operation (KEaga). One cylinder operation is not

considered as two cylinders operation is of interest in this case. Hence

KEita = KEag s+ KEaga
= 7.148113%x102 + 3.503765x107
=0.10652 in-Ib

In the case of (1) + (iii), the total kinetic energy will be the sum of the kinetic energy
due to shaking of 2 cylinders in operation (KEags) and the kinetic energy from crankshaft
balanced for Cylinder B but both Cylinders A and B in operation (KEagg). One cylinder

operation is not considered as two cylinders operation is of interest in this case. Hence

KEiota = KEags+ KEass
=7.148113x1072 + 2.176216x10
=0.09324 in-Ib

In the case of (2) + (i), the total kinetic energy will be the sum of the kinetic energy due
to shaking of only Cylinder A in operation (KEas) and the kinetic energy from crankshaft
balanced for 2 cylinders but only Cylinder A in operation (KEa ). Cases of 2 cylinders and only
Cylinder B in operation are not considered as only Cylinder A in operation is of interest in this

case. Hence
KEtotas = KEas + KEa2

= 6.151004x10™ + 2.176216x10™
=0.63686 in-Ib
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In the case of (2) + (ii), the total kinetic energy will be the sum of the kinetic energy due
to shaking of only Cylinder A in operation (KEas) and the kinetic energy from crankshaft
balanced for only Cylinder A and only Cylinder A in operation. Cases of 2 cylinders and only
Cylinder B in operation are not considered as only Cylinder A in operation is of interest in this

case. Only KEa swill be present as KEaa Will be zero. Hence

KEita = KEas + KEaa
=6.151004x101 + 0
=0.61510in-1b

The case of (2) + (iii) will not be considered. It is of no benefit to put only Cylinder A
in operation when the crankshaft is balanced for only Cylinder B in operation.

In the case of (3) + (i), the total kinetic energy will be the sum of the kinetic energy due
to shaking of only Cylinder B in operation (KEgs) and the kinetic energy from crankshaft
balanced for 2 cylinders but only Cylinder B in operation (KEg ) . Cases of 2 cylinders and only
Cylinder A in operation are not considered as only Cylinder B in operation is of interest in this

case. Hence

KEiota = KEgs + KEg2
= 0.751798x10* + 3.503765%x10
=1.01021in-lb

The case of (3) + (ii) will not be considered. It is of no benefit to put only Cylinder B in
operation when the crankshaft is balanced for only Cylinder A in operation.

In the case of (3) + (iii), the total kinetic energy will be the sum of the kinetic energy
due to shaking of only Cylinder B in operation (KEgs) and the kinetic energy from crankshaft
balanced for only Cylinder B and only Cylinder B in operation. Cases of 2 cylinders and only
Cylinder A in operation are not considered as only Cylinder B in operation is of interest in this
case. Only KEg s will be present as KEg g will be zero. Hence
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KEta = KEgs+ KEgg
=0.751798x101 + 0
=0.97518in-1b

A summary of the total kinetic energy obtained is tabulated in Table 4.5.

Table 4.5 Summary of the calculated total kinetic energies for different operation setting.
(Unit of the total KE isin-lb)

Crankshaft balanced for:

Shaking forces and moments (i) A and B (KEy») (ii) A Only (KE¢y0) (iii) B Only (KE¢y,8)
(1) A and B (KEag s) 0.07148 0.10652 0.09324
(2) A Only (KEx s) 0.63686 0.61510
(3) B Only (KEg ) 1.01021 0.97518

4.3.2 Total Potential Energy

The total potential energy for the cases of (1) + (i), (1) + (ii), (1) + (iii), (2) + (i), (2) + (ii), (3) +
(i), and (3) + (iii) are calculated in the same manner as that of the total kinetic energy obtained in
Section 4.3.1. A summary of the total potential energy obtained istabulated in Table 4.6.

Table 4.6 Summary of the calculated total potential energies of different operation setting.

(Unit of thetotal PE isin-lb)

Crankshaft balanced for:

Shaking forces and moments

() A and B (KEy»)

(ii) A Only (KEy0)

(iii) B Only (KEyg)

(1) A and B (KEag s) 0.00468 0.00749 0.00639
(2) A Only (KExs) 0.04874 0.04703
(3) B Only (KEgs) 0.07526 0.07355
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Chapter 5. Piston — Connecting Rod Joint Clear ance | mpact For ces

In order for the connecting rod (link 3) to rotate freely while joined to the sliding piston
(link 4), there will have to be a certain amount of clearance between the connecting rod and the
wrist pin (of piston, will be addressed as piston). Thisisillustrated in Figure 5.1. It is to be noted
that this clearance includes the clearance between the crankshaft and the ground link; the
clearance between the crankshaft and the rotating end of the connecting rod; and the clearance
between the reciprocating end of the connecting rod and the piston. The clearance is lumped as
the crankshaft is held fixed to the ground link, the effect of clearance will pass on to the
reciprocating end. Due to this clearance, impacts will occur between the connecting rod and
piston when the connecting rod is either pulling or pushing on the piston, and forces are resulted

from these impacts.

Connecting rod’s —» X
reciprocating end —>
L] Iy .
Q Reciprocating
MassM =0
Clearance
Figure 5.1 Schematic drawing of clearance between connecting rod and piston.

In Figure 5.1, the reciprocating mass (Mredip), Which had been defined in Section 4.1.3.1,
has a displacement X. The block with amass M = 0, having a displacement Y, is the reciprocating
end of the connecting rod that simulates the link pushing or pulling on the reciprocating mass
when the slider-crank mechanismisin action.

As the shaking forces by the compressor are generated throughout a series of

frequencies, determining the impact forces caused by this clearance will help eliminate the
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shaking forces whose values are lower than that of the impact forces in the same frequency
range. In other words, higher forces will dominate. The sample plot in Figure 5.2 illustrates this

idea
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Force

Shaking

—» Impact forces will dominate
from this point on

A
Impact
Fp
v >
=
Frequency

Figure 5.2 Demonstration plot of relation between shaking forces and impact forces.




5.1 The Subsystems

To determine the impact forces due to the clearance between the connecting rod and the
piston when the compressor is in operation, the differential equation that governs the dynamic
system has to be determined, first by generating the required free body diagram (FBD) of the
system. From Figure 5.1, the reciprocating end of the connecting rod and the reciprocating mass
can be rearranged and redrawn to be that as shown in Figure 5.3a. A spring K of high stiffness
(1 10° Ib/in) and a damper D of small damping value (0.1 Ib-g/in) are used to link the motion of
the two masses for the ssimulation of this dynamic system. From Figure 5.3a we can draw the
FBD for the reciprocating mass, as shown in Figure 5.3b, and is ready for the derivation of the
differential equation that governs the dynamic system. As the reciprocating end of the connecting
rod is just prescribing a motion, hence the mass is of no importance and is therefore being
assigned asM = 0.

With reference to the FBD in Figure 5.3, the differential equation of the dynamic

system is derived asfollows:

ZF:MrecipX:FK-i-FD_FP

X = 1 (FK + FD - FP)
. 1 .
X = [K (Y = X)+ DY - X) - pA] (5.1)

where K = spring stiffness (1b/in)
D = damping (Ib-5/in)
p = pressure (psi)
Fx = spring force (Ib)
Fp = damping force (1b)
Fp = fluid’s pressure force (Ib)

A = piston’ s face areain contact with the working fluid (in?)
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—>Y.Y,Y — > X, X, X

Fluid's
Mo <«— pressure
recip force

O O O

— > X, X, X

Fx ———>»

M i I p
recip
I:D —P>

(b)

Figure 5.3 (@) The model of the dynamic system, and (b) the FBD.
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With the differential equation (5.1) in place, the dynamic system can then be modeled, simulated,
and analyzed by using SIMULINK"” in MATLAB", whereby SIMULINK is a simulation
software package for studying the linear and non-linear dynamic systems.

Due to the complexity in setting the various working conditions in the dynamic system
itself, the setting up of the SIMULINK model for the complete dynamic system will be done in
parts, which consists of two subsystems, namely the modeling of the pressure force subsystem
and the modeling of the spring stiffness K condition setting subsystem, before putting them
together for the simulation and the analysis.

5.1.1 Fluid Pressure For ce (F) Subsystem

The setup of the simulation model in SIMULINK is shown in Figure 5.4. This is one of
the two subsystems in the whole impact force simulation. The input will be time u in seconds.
This input time will go through the Gain block, whereby the Gain block will generate the output
by multiplying its input by the specified angular velocity w of the rotating crankshaft, which is
361 rad/s, to give an angular output in term radians at the given time. Dividing this output with
2rtusing a Product block will covert the angle in radian into number of cycles the crankshaft has
rotated. By using the Rounding Function block with the “floor” option, the number of cycles
input will be round off to the nearest lower integer value. For example, an input value of 72.7
will be output as 72. This new round off value of number of cycles will then be multiplied by 21t
to convert it back to the radian form, and be subtracted off from the original radian value to give
the crankshaft angle 6 information in term of radian within the one cycle range (0 < 6 < 2m).
With this information, it is ready to proceed to the next step where the pressure exerts on the
piston by the working fluid when the crankshaft rotates to any given angle can then be
determined. This specific task is carried out by using the Look-Up Table block, in which it will
do a piecewise linear mapping of the radian value input to the pressure value output using linear
interpolation. The information on the pressure output values in psi correspond to the angle input
valuesin radian are listed in Table 5.1. The conversion of the angle from degree to radian will be
performed within the Look-Up Table block. After the corresponding pressure value has been
obtained, this value will be passed on to the Gain block containing the value of the piston’s

surface area A, in contact with the working fluid for the multiplication task to
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2*pi

Angular .
velocity ~ Redian No. of
¥ cycle
| floor
T x
Input Productl Rounding
Function
Pressure rad + <
Ps) ) _e— x o
4—2'pi
Look-Up Sumb :
Table Product2 Radianl
_ Fluid force ——
pi*(1.625/2)*2 : 10
on piston -
Output
Piston's
face-area

Figure 5.4 Block diagram of the fluid's pressure force subsystem model.
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generate an output in force. With the diameter of the piston to be 1.625 inches, the surface area

of the piston in contact with the working fluid is calculated to be A,

2

2.07394in%. The

fluid’'s pressure force Fy acting on the piston will then be determined by F, = pressure p x A.

Thiswill be passed on to the Output block in the subsystem.

Table 5.1 Crankshaft angle 8 vs. pressure p. (From Zheng [7])
Angle Pressure
(Degree) (psi)
0 221
10 143.1442235
20 59.57198292
30 22.13792913
40 5.926086272
50 0
60 0
70 0
80 0
90 0
100 0
110 0
120 0
130 0
140 0
150 0
160 0
170 0
180 0
190 0.11504243
200 0.468925102
210 1.089180276
220 2.026246059
230 3.361576261
240 5.222086775
250 7.805573134
260 11.42632639
270 16.6000612
280 24.20993436
290 35.85102598
300 54.5976863
310 86.86022257
320 147.3088118
330 221
340 221
350 221
360 221
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5.1.2 Spring Constant Setting Subsystem

The spring stiffness K is as shown in Figure 5.5 and is a function of (Y — X). The force
generated by the spring goes by force = spring constant x displacement, or Fx = K x (Y - X).
Thisisillustrated by the force Fg vs. displacement (Y - X) plot in Figure 5.5.

(Y-X)

Clearance >{

Figure 5.5 Plot of condition setting for spring stiffness K.

The spring constant is K = AF ) In this subsystem, whether the impact forces exist

A(Y - X
depends on the displacement between the two masses, and the spring that link them up. From

Figure 5.5, the set of conditions deciding the presence of the spring constant K is,

(Y=X)—Clearance>00 Kis“ON”" (5.2
Y - X)-Clearance< 00 .
00 K is“OFF (5.3)
ﬁv—x)zo 0
(Y=X)<00 Kis“ON" (5.4)
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For when K is “ON”, the value of the spring constant will apply; when K is “OFF’, a value of
zero will be applied. This set of conditions has been transformed into the subsystem of the
simulation model by the layout of the block diagram shown in Figure 5.6.

In this subsystem, the input is the varying displacement (Y — X). With the clearance
(CL) value set at a constant of 1.5x10°° inches, both the displacement and clearance values are
passed through a Sum block to generate the required (Y — X) — CL value. This value will then be
passed as the second input to the Switch block “Switchl”, and will be used to compare to the
threshold value in deciding to either propagate the first or third input. The first input for this
block is the spring constant K (1x10° Ib/in) and the third input is the constant of 0. The threshold
value for thisblock is set at a very small value, i.e. 0.00000001, instead of zero to account for the
“greater than” and not “greater or equal to” setting. When the second input (Y — X) — CL valueis
greater than or equal to the threshold value, “ Switch1” will propagate the first input, which is the
spring constant K, to its output. Otherwise, it will propagate the third input (0). Hence “ Switchl”
will control the condition setting of

(Y=X)—CL>00 Kis“ON"
(Y=X)—CL<00O Kis“OFF

For “Switch2”, the subsystem input of (Y — X) will be passed directly as the second
input to this Switch block. The threshold value for Switch2 is set at zero. The first input is the
constant of 0 and the third input is the spring constant K (1x10° Ib/in). Hence when the second
input (Y — X) value is greater or equal to zero, Switch2 will propagate the first input of value O to
its output. Otherwise, it will propagate the third output (spring constant K). Therefore, “ Switch2”
controls the condition setting of

(Y=X)200 Kis“OFF
(Y=X)<00O Kis“ON"

With “Switchl” and “Switch2” taking care of their respective condition setting, outputs from
both Switch blocks will be summed using a Sum block to attain the complete set of condition
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setting of (5.2), (5.3), and (5.4). The output of 0 or K will then be passed on to the subsystem

output.
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Figure 5.6 Block diagram of the spring constant K condition setting subsysterm model.
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5.2 The Impact Forces

5.2.1 The Complete SSIMULINK Model

With both of the subsystems constructed, the complete model of the impact force
dynamic system is constructed with reference to the model in Figure 5.3a and the SIMULINK
model generated is shownin Figure 5.7.

Performing an integration on the constant of “1”, whereby [1 du = u, generates the input
time u for the model. This input is used to drive both the fluid's pressure force subsystem in
generating Fp and the acceleration expression generated by Equation (3.15) with frequency
domain up to the order of 80, i.e. up to the expression with cos 806, where 8 = wt. In
SIMULINK timet is expressed as u, hence 8 = wu. As the whole acceleration expression with
such a high degree of order istoo long to be contained in a single function Fcn block, it has been
broken up into three parts to fit into the three Fcn blocks (f(u)) named “n=40_1", “n=40 2", and
“n=40_3". Through the Integrator blocks and Sum blocks, (Y - X) and (Y — X) are generated.
The damping force Fp is obtained by passing (Y - X) through the Gain block with a damping
vaue of 0.1 Ib-s/in, in which F, = D(Y— X) (Y — X) is passed as an input into the spring
constant setting subsystem to determined the presence of K as described in Section 5.1.2. The
output (K or 0) from this subsystem will determine the present of spring force Fx at that given

time by Fx = K(Y — X). The impact forces output can be seen by using the Scope block in which
plot of force versus time will be shown.

5.2.2 Conversion of Data

As the impact forces output in SIMULINK is in the time domain, it will have to be
converted into the frequency domain in order to have an easy comparison with the shaking
forces, which are in frequency domain. The conversion is done by using the Fast Fourier
Transform (FFT) function in MATLAB. A data length equals to a power of 2 is chosen for the
substantial increase in computation speed. Hence in the simulation parameters a fixed time step
size (At) of 1.699702E-5 isused. Thisvalueis derived from
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Figure 5.7 SIMULINK model for the complete modeling of impact forces.
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w = 271

2361
211

T= % =0.017405sec

At =L =1.699702x107° sec
1024

where w = crankshaft angular velocity 361 rad/s
f = frequency
T =timefor 1 cycle

At = time step for 1024 sampling

The other setting in the simulation parameters are shown in Figure 5.8.

#|Simulation Parameters: cps_diag

Solver | Wiorkspaco |JEI| Dliagrostics

Simulation time

Snlver nptinms

Start time: I 0.0 Stop time: I 0.3

Tyne: IFi!-!F!H-RIF!rl j InriF:d [Runae-Kutta)

Output options
I Refine output j

Fived step size: | 1.699702E -5 fode: |SingIeTasking 'I

Hefine fastar I 1

Q. | Eancell Help | iy

Figure 5.8 The Smulation parameters.
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The procedure for the conversion of datais asfollows:

In SIMULINK:

1

Through the expressions of (5.5) to (5.7), the time step t of the ssimulation for a 1024
time step sampling is determined to be 1.699702x10° sec. The other simulation
parameters are as shown in Figure 5.8.

Using the simulation model setup in Figure 5.7, the simulation is run and the impact force
data is written as input to the To File block and saved as file impact.mat. The impact data
will be written as a matrix with one column for each time step: the first row is the
simulation time, and the second row is the impact force value at each corresponding time
step. This matrix will be contained in the “Variable name’ parameter with the default

filename“ans’.

In MATLAB:

1.

2.

A script file is written to load the impact.mat file and to extract the impact force values
from the “ans’ in the To File block in SIMULINK.

As the simulation time starts from 0 and ends at 0.3 sec, and from expression (5.6) the
time required for one cycle is only 0.017405 sec or 1024 time steps, there will be more
than one cycle of data collected for this duration of time, hence one cycle of data needs to
be extracted from it. In this research, the one cycle is taken approximately from the 0.15
sec mark (data point 8825) to 0.167405 sec (data point 9848), inclusive of both points.
This set of extracted data is then stored under a new filename. With that, the FFT

function isinvoked by

New_name = fft(new filename),

and the plot is made by issuing the plot command

Plot(abs(New_name(1:512)/1024)* 2).
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The detail script file is in Appendix (V). Figure 5.9 shows the plot of the average
impact forces (one cycle) versus the clearance between the connecting rod end and the piston.
Figure 5.10 shows the extracted one cycle of impact forces in the time domain. Figure 5.11
shows the impact forces in the frequency domain, with its average value. On the same plot are
the shaking forces. Figure 5.12 is the semi-log plot of Figure 5.11, with y-axis in the log scale.
Figure 5.13 is a zoom plot showing the intersection of the average impact force value and the
shaking forces. The average impact force for clearances CL = 1x10° inches and CL = 1x10™
inches are included to demonstrate the way the average line moves in the plot with change in

average value. The clearance value used for the simulation is 1.5x10° inches.
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Figure 5.9 Plot of average impact force versus clearance.
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Piston-Connecting Rod Clearance Impact Force (Time Domain)
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Figure 5.10 Plot of one cycle of impact forces in the time domain (asin SIMULINK).
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Figure 5.11 Plot of one cycle of impact forces in the frequency domain.
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2IT)og Plot of Piston-Connecting Rod Clearance Impact Force (Frequency Domain)
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Figure 5.12 Semi-log plot of impact forces in the frequency domain.
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Log Plot of Piston-Connecting Rod Clearance Impact Force (Frequency Domain)
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Figure 5.13 Zoom plot showing the intersection between the shaking forces and average
impact force of different clearance.
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Chapter 6. Z-axis Direction Force by the Motor Torque

6.1 The Motor Action

As stated in Section 3.1.2, the electric motor that is used to drive the compressor is a
three-phase induction motor. As an illustration, Figure 6.1 shows a basic two-phase induction
motor with two poles per phase from Gottlieb [5]. For a three-phase, two poles per phase motor,
the setup will be the same as that in Figure 6.1 except that the six stator and windings will be
placed at a60° interval.

L
SQUIRREL CAGE-

ROTOR ,
. SN

PHASE -' 7 )
e 0 Q
14 oxes %

PHASE "A"

900 PHASE "B”
|\

T e
1 H ! 1 1
I l Vo
i“ 6—03

FLUX THROUGH ROTOR

Figure 6.1 A two-phase, two-poles, squirrel-cage motor. (From Gottlieb [5])

From Cochran [6], according to Ampére’s law, with the component of magnetic field
and the current-carrying conductor placed mutually perpendicular to each other, a force
perpendicular to both components will be generated. If this force appears as a tangential force at

the circumference of the rotor, atorque or couple will be produced. Figure 6.2 shows an example
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of the interaction between the magnetic flux from the stator and the magnetic flux by the current-

carrying conductors to generate the tangential force to produce the motor action.

Figure 6.2 Simplified motor action. (From Cochran [6])

The torgue of the motor is generated by:

—
I

(6.1)

O
M
1
o|jd T

where T = motor torgue (in-1b)
F = tangential force (Ib)
D = diameter of therotor (in)

Figure 6.3 illustrates the tangential force generated and acting on the conductors. In the
manufacturing of the squirrel-cage rotor, it will require high precision manufacturing process and
cost to fabricate the rotor that will have an exact 90° angle between the conductor rods and both
the top and bottom end-rings. Hence there is a tendency that the conductor rods will skew at an

angle, 3, with respect to the vertical axis. Figure 6.4b demonstrates an exaggerated view of the
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Tangential -— Conductor
force F <

Shaft

Tangential
force F
>

Figure 6.3 Tangential forces acting on the conductors of the rotor.

conductors skewed at an angle 3. From Figure 6.4c, this skew angle will cause a force F; acting
in the z-axis direction. As a pair of forces generates the couple on the rotor, another force in the
z-axis direction will be exerted on another conductor 180° apart. Hence the total forces in the z-

axisdirectionis

F,=2Fsinf
With Equation (6.1),
F, = Z%Sin B (6.2

From Cochran [6], the tangential force exerting on the conductor can be determined by
F=BIL (6.3)
where B = flux density (webers/in?)

| = current flow in the conductor (A)
L = conductor length (in)
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However, as no information on B, I, and L are available for this research, the force
exerted on the conductor is not determined by Equation (6.3). Instead, the forces F, at different
harmonic w are computed based on the moment values about the z-axis direction from Zheng [7]

and by using Equation (6.2). The moment values generated by Zheng are listed in Table 6.1.
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Figure 6.4 () ldeal squirrel-cage rotor. (b) Exaggerated view of squirrel-cage at a skew
angle B. (c) The z-axis direction force due to [3.
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6.2 Calculation of F,

As the moment values are listed under the sine and cosine function at different

harmonic w, the z-axis force F, will be

F,=F,+Y (F.cosict + F_siniat) (6.4)

1=1
wherei = 1, 2, 3...; Fic and Fis indicate the z-axis force generated due to the skew angle of the

conductor at each harmonic under the cosine and sine function, respectively. By applying

Equation (6.2), Equation (6.4) can be re-written as
FZ:FO+Z%QnBECOSiM+%SinBE§niM% (6.5)
E D O 0D O

In dynamic analysis, as F, is a constant at 0 w, it does not introduce kinetic energy and hence

will be omitted. With that, the magnitude of the z-axis force can then be obtained by

FZ:,Z\/%SmﬁQJr%SMBg (6.6)

6.2.1 Computation of F,

The computation of the z-axis direction force F;, is done by using MATLAB. The
diameter D for the rotor is 6 inches, and the skew angle 3 for the conductor is assumed to be

0.035 rad (approximately 2°). The force matrix setups for the cosine and sine function are

79



I]__I.QI:II:II:I
T o o
OO Ood

X,

mMOO4O
o O O

for the cosine function and

D__I.QI:II:II:I
1T o o
MMOOOOmOoon

X,

INIE
o O O

for the sine function. As the harmonic range listed in Table 6.1 is from w to 40w,therefore i in
this computation will be 40. Hence the force matrices for both the cosine and sine function will
be a 6-by-40 matrix. The z-axis force F, is computed by using Equation (6.6). The process of
computing for displacement X and hence the kinetic energies is the same as that stated in Section
4.2. The computed result for F, is 3.446 |b. A plot of force at each harmonic and the total F;is
shown in Figure 6.5.
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Table 6.1 Moment about Z-axis direction in the frequency domain (from Zheng [7]).

(in-1b)

(in-Ib)

Cosine Function Sine Function
0 -1.37454E+02 0.00000E+00
1 -1.82402E+01 3.24938E+01
2 4.97732E+01 6.33141E+01
3 1.58242E+01 -4.65144E+00
4 7.86477E+01 -2.68636E+01
5 1.76394E+00 -3.19106E+00
6 -3.23154E+00 -5.62280E+00
7 -4.72647E-01 1.75284E+00
8 9.69175E+00 1.85207E+01
9 1.96588E+00 9.78834E-01
10 1.05662E+01 -1.74664E-01
11 1.72279E-01 -2.68174E-01
12 -3.46465E+00 1.87656E+00
13 -4.42965E-01 8.08455E-01
14 6.76711E-01 7.56060E+00
15 3.95510E-01 4.23005E-01
16 1.68396E+00 6.03541E-02
17 -1.37070E-01 -1.86406E-01
18 -3.30360E+00 -2.08712E-01
19 -3.562211E-01 2.48868E-01
20 -4.93303E-01 2.41382E+00
21 1.50103E-01 8.96729E-02
22 9.87604E-01 -9.68858E-01
23 -2.52519E-02 -2.14241E-01
24 -1.39574E+00 -8.77440E-01
25 -1.42187E-01 9.16269E-02
26 2.06974E-01 1.21738E+00
27 1.40152E-01 7.05616E-02
28 1.09832E+00 -3.35873E-01
29 2.42590E-02 -1.07412E-01
30 -7.50774E-01 -2.68336E-01
31 -9.51059E-02 9.05268E-02
32 -7.28636E-02 1.07194E+00
33 6.82085E-02 8.08790E-02
34 5.19242E-01 -7.19473E-02
35 -1.07511E-02 -7.60614E-02
36 -7.63753E-01 -3.09647E-01
37 -9.14587E-02 3.68388E-02
38 -2.57909E-01 5.22219E-01
39 3.51325E-02 3.72874E-02
40 4.28037E-01 -2.69016E-01
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Figure 6.5 Plot of the z-axis direction force generated by the motor torque.
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Chapter 7. Optimization of Crankshaft Balancing

7.1 Optimization

Optimization is the seeking of the optimum point (maximum or minimum) in a
mathematical model function with the given set of variables. This function must be expressible
in term of the set of variables given in order for the optimization routine to work. From Reinholtz
[8], an optimization problem or a mathematical programming problem can be stated in a general

form of finding a set of design variables or design vector X, where
X = {X1, X2, X3... Xn} |

to maximize or minimize an objective function f(X,0). X1, X2, X3... X, ae the design variables
and the vector © consist of a set of independent parameters whereby © = {©4, ©,, Os... Oq}T.
The superscript T denotes a vector or matrix transpose.

There are mainly two groups of optimization methods in the nonlinear problems,
whereby the objective function is nonlinear in any of the design variables. These two groups are
being classified as the gradient methods and direct search methods. The gradient methods
generally involve the determination of the first and sometimes the second partial derivatives of
the objective function. As the first and second derivatives of a mathematical function define its
gradient and turning point (of a curve), the maximum or minimum of the function is then readily
obtained. The direct search methods based ssmply on the sequential comparison of the objective
function values computed and move towards the direction where there is an improvement in the
function values. Different varieties of the gradient methods and the direct search methods can be
found in Siddall [9], Beveridge and Schechter [10].

In this research, the optimization method will be applied to seek the setting of angle,
force, and torque on balancing the aready-balanced crankshaft in order to minimize the vibration
when the compressor isin operation at different operating modes. Thisin turn will minimize the
change in the operating noise level of the compressor when switching from a two-cylinder

operating mode to a one-cylinder operating mode and vice versa.
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7.2 The Optimization Technique

7.2.1 Hooke and Jeeves Pattern Search Method

The objective function in this part of the research is to determine the corrective kinetic
energy, KEqrr, to minimize the change in the difference of kinetic energies when switching
between the two operating modes of one- and two-cylinder. As the function for computing the
KEgr involves a lengthy and complex process, where few sub-functions are put together in
generating the final output value, no single explicit expression representing the objective
function can be derived and hence obtaining the derivatives for the objective function is
impossible. As a consequence, optimization by the gradient methods is inapplicable in this
research. Alternatively, since KE.,r can be determined numerically, numerical evaluation of the
objective function steer the optimization option towards the direct search methods, which does
not call for the derivatives of the objective function and the computed function’s numerical
values are used in the sequential comparison to move in the direction of improves value, or
optimal point.

Among the search methods in nonlinear numerical optimization, Hooke and Jeeves
pattern search method stands out to be ssimple yet very effective optimization technique (Siddall
[9]). Thistechnique consists of two major routines. the exploratory search routine and the pattern
move routine. The exploratory routine search the local proximity in the directions paralléel to the
coordinate axes for an improved objective function value, and the pattern routine accelerate the
search by moving to an new improved position in the direction of the previous optimal point
obtained by the exploratory routine. Figure 7.1 is a sample three-dimensional plot with the
minimum point as indicated. In order to simplify the explanation of the algorithm, Figure 7.2 isa
two-dimensional contour plot of Figure 7.1 and will be used to outline the Hooke and Jeeves

optimization method. The algorithm is as follows:

1. An arbitrary or initial base point at X° = {x1, x5} " is selected, and the objective function
value for this point is computed.
2. The exploratory search routine is started by giving x; a predetermined step Ax; in the

positive direction, and the objective function is evaluated at this new point. If this
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Figure 7.1 Sample 3-D plot for generating the 2-D contour plot.
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Figure 7.2 Hooke and Jeeves pattern search strategy.
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improves the value of the objective function, this step will be retained and become the
new base point X*. If not, a corresponding step in the negative direction, -Axy, is taken
and the objective function will be re-evaluated. This point will be retained and made the
new base point X* if the move is successful. If both fail, no step is taken. At this stage the
step size of Ax; will be adjusted according. For a successful step move, the value of  x;
will increase. If both steps fail, the value of Ax; should be decreased. From the newfound
base point X', a similar exploratory search is made for x; in the x, direction. The best
point found in this search is labeled X2

3. A pattern move is now attempted by changing each variable from the last base point, X?,
an amount equivalent to the distance between the new base point X? and the initial base
point X°, or (X? — X%. This difference will commonly include the previous exploratory
moves and previous pattern move.

4. If the pattern move is successful in obtaining a better objective function value, it will be
retained and become the new base point X3, If it fails, it is canceled and replaced by a
new exploratory search that will begin at point X2,

5. This iteration continues until the exploratory search fails to locate a better point. As
stated in part (2), step size AX will be reduced, and the search is repeated. This will keep
repeating until AX is below a certain predetermined limit (tolerance limit), in which the

minimum (optimum) is assumed to have been reached.

A flow chart of this procedure developed by Reinholtz [8] is shown in Figure 7.3. One important
note about nonlinear optimization programming is that a local minimum point rather than a
global minimum point may be obtained, and the program cannot differentiate this. In other
words, given different starting points or initial values, different local minimum will be obtained.

7.2.2 MATLAB Code for Hooke and Jeeves' Optimization
The programming code for the direct search method is developed using MATLAB,
hence the flow chart in Figure 7.3 isusing MATLAB programming convention. For example, the

symbol “= =" means “equal to” in which two variables will be compared; and the symbol “=" is

used to assign the output of an operation to a variable, where the output will be on the right hand
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Figure 7.3 Flow chart of the Hooke and Jeeves optimization pattern search method.

(From Reinholtz [8])
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side of the “=" and the variable will be on the left hand side. The “q” in the routine is the
parameter setting for the number of variables that will be optimized. There are three design
variables in this optimization routine, which are the angle, force, and torque. Hence in the While
loop of the routine, “n” will be set as4 for “qg<4”.

The objective function is to minimize the difference in change of kinetic energy when
switching the compressor from a two-cylinder operating mode to a one-cylinder operating mode,
or vice-versa. The three design variables, in their optimum setting, are used to generate the
corrective kinetic energy, KEqrr, to minimize this change. The objective function can be written

as

f(KE)=|KE s, ~ KE,,|~ KE

= Minimum (7.0

corr

KEag_ is the total kinetic energy generated when both Cylinders A and B are in operation, with
the crankshaft balanced for two-cylinder operation. KEa, is the total kinetic energy generated
when only Cylinder A is in operation, with the crankshaft balanced for two-cylinder operation.
With that, it is obvious that KEa > will have a much higher value than KEag > since the crankshaft
will be out-of-balance when only one cylinder is in operation. As the operation of the compressor
can be switched to-and-fro between the two-cylinder and one-cylinder operating mode, objective
function of expression (7.1) will not be feasible as its only taking care of the change when
switching from two-cylinder operation to one-cylinder operation.

In order to attain the state whereby when switching from one operating mode to the
other with only a minimum of kinetic energy change occurs between the switching, an

alternative objective function has been formulated. Hence the new objective functionis

xKEAB,Z; YKE,, I ~KE,,, | = Minimum (7.2)

f(KE)=H

with x + y = 2, and both x and y are positive variables. This setting is developed with the aim of
providing some flexibility for the user to set the values for x and y depending on the usage of the

compressor in favor towards one of the operating mode. Graphically, this can be represented by
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the graph in Figure 7.4. The dashed lines in the figure are examples of the intermediate changein

xKE + yKE
kinetic energy values of I LERRAACY: I with different values being assigned to x and y.

KE
A
KEA,z(XZO,yZZ) max
__________________________________________ KE(x2,y2)
KE(X1,y1)

Figure 7.4 Intermediate change of kinetic energies due to the setting of x and y.
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Chapter 8. Resultsand Discussions

8.1 The Total Kinetic Energies

A summary of the resultsin the total kinetic energies computed is shownin Table 8.1.

Table 8.1 Summary of the calculated total kinetic energies for different operation setting.
(Unit for the total KE isin-Ib)

Crankshaft balanced for:

Shaking forces and moments (i) A and B (KEy,) (ii) A Only (KEcy ) (iii) B Only (KE¢y,8)
(1) A and B (KEags) 0.07148 0.10652 0.09324
(2) A Only (KEx s) 0.63686 0.61510
(3) B Only (KEg s) 1.01021 0.97518

These are the total kinetic energies obtained from different operating mode of the compressor
with the crankshaft balanced for different cylinder operation. For the case of (2) + (iii), where
only Cylinder A isin operation while the crankshaft is balanced for only Cylinder B in operation,
this will not be looked into as it is of no practical sense to balanced the crankshaft for the
operating mode that will not be used. The same apply to the case of (3) + (ii), where only
Cylinder B is in operation while the crankshaft is balanced for only Cylinder A in operation. In
this research, interest is focus on switching the operating mode between the one- and two-
cylinder operating modes with the crankshaft balanced for the two-cylinder in operation.

Since the crankshaft is balanced for two-cylinder operation, in the one-cylinder
operating mode, the system will be off balance. With the crankshaft balanced for two-cylinder
operation, when both Cylinder A and Cylinder B are in operation, the kinetic energy calculated is
0.07148 in-Ib; when only Cylinder A is in operation, the kinetic energy calculated for this
operation is 0.63686 in-lb. Note that if the setting is only Cylinder B in operation, the kinetic
energy value is much higher compare to that of only Cylinder A in operation. This higher value
of 1.01021 in-lb is expected, as Cylinder B is farther away from the system’s center of mass
compare to Cylinder A. Hence it will be impractical to set Cylinder B rather than Cylinder A in
operation when one-cylinder operating mode is called for.
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8.2 The Clearance | mpact Forces

The impact forces due to the clearance between the reciprocating end of the connecting
rod and the piston are generated by dynamic simulation using SIMULINK. Three different
clearances are used. With the clearance of 1.0x1072 inches, the average impact force computed is
3.16 Ib. With the clearance of 1.5x10° inches, which is taken to be the actual clearance for usein
this research, the average impact force computed is 21.11 Ib. For the largest clearance of 1.0x10
2 inches, the average impact force computed is 546.26 |b. These average forces are plotted and
shown in Figure 5.13. The purpose of using difference clearances is to demonstrate the idea of
the importance of the effect of clearance can have on the overall performance of the compressor
in term of shaking forces. From Figure 5.13, with comparison to the shaking forces by the
reciprocating mass, it has clearly shown that if the total clearance is sufficiently large, the
shaking of the compressor will be due to the impact forces instead of the reciprocating masses
and the balancing of the crankshaft.

8.3 The Z-axis Force dueto Torque of Motor

With a skew angle B of 2.0° of the conductor rods of the squirrel-cage rotor, the
computed z-axis force is 3.45 |b. This does not appear to be of any influence in the shaking of
the compressor. In fact, the assumed skew angle of 2.0° for the skewed conductor rods has
exceeded the usual allowable manufacturing tolerance of £1.0° or £1.5°, hence the actual z-axis
force can be expected to be lower than 3.45 Ib. This further reduces the importance of the effect

this force has on the compressor.
8.4 Optimize Balancing for the Crankshaft

The aim of the optimization routine is to reduce the change in kinetic energy when
switching the operating mode of the compressor for two-cylinder operation to a one-cylinder
operation and vice versa. As the current crankshaft is balanced for the two-cylinder operation,

switching to a one-cylinder operating mode will cause the crankshaft to be out balance and hence
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the increase in the kinetic energy. Hence a new setting for balancing the crankshaft has been
called for to generate a corrective kinetic energy KEq,r to minimize this change in energies in
switching to-and-fro between the one- and two-cylinder operations. In Section 7.2.2, the
objective function that has been developed for the optimization is

XKE g2 + yKEA,2|
2

-KE_, .| =Minimum (8.1

corr

f(KE)= H

with x +y =2, and both x and y are positive variables.
To maintain the same level of change in kinetic energy when switching the operation of

the compressor between the two operating modes, that is

KEa2 — KEcorr = KEag 2 + KEcorr
KEA,z - KEAB,Z =2 KEcorr (82)

With KEa = 0.63686 in-Ib and KEas> = 0.07148 in-Ib, and substituting these values into
Equation (8.2), the value obtained for the corrective kinetic energy KE¢ is 0.28269 in-Ib. With

these information and the condition of x +y = 2, from Equation (8.1),

| x(0.07148) + y(0.63686)|
I 2
x(0.07148) + y(0.63686) = 0.56538
(2 - )(0.07148) + y(0.63686) = 0.56538
0 y=0.747

(0.28269) =0

and
x=2-0.747
=1.253

Hence the objective function for the optimization in this research will be
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(1-253)(KEAB,2 ) + (0'747)(KE/*2 )I - KE = Minimum
2

corr

f(KE)= ”

One of the main concerns in optimization is the problem of getting optimized result of
the local optimum point instead of the global optimum point. Another concern is the problem of
the optimization routine “leap” over alocal or globa optimum point due to the step size chosen.
When the optimization routine is first run in MATLAB, it was noted that given different initia
values to the variables of angle, force, and torque, different minimum points were obtained.
Hence it shows that local minimum points rather than global minimum point are present.
Therefore, an aternative solution to this problem is to begin the search with ranges of initial
values for the three variables, and the best local minimum point is selected base on the smallest
objective function value obtained. This selection method coincides with that stated by Beveridge
[10]. The range of initial values for the angle input is from 0.1 to 2t radians, with a 0.1 radian
increment per step of computation; the range of initial values for the force input is from 68.0 to
77.0 |b, with an increment of 1.0 Ib per step; and the initial values for the torque input is from
71.0 in-Ib to 85.0 in-Ib, with an increment of 1.0 in-Ib per step. Some of the local minimum
points computed are listed in Table 8.2. Values of Delta KE (AKE) is the objective function
value of the optimization routine, and the rank number indicates the ranking of the loca

minimum point in term of AKE with 1 as the best optimized setting.

Table 8.2 Local minimum points computed by the Hooke and Jeeves optimization method.

Angle (rad) 0.2176 0.7348 2.3936 2.3340 3.4747 3.8537 5.2926
Force (Ib) 72.3804 72.1619 72.7182 72.6827 72.2244 72.2211 72.2622
Torque (in-Ib) 78.7485 85.5956 80.7396 79.6419 80.2494 84.2173 84.2889
Delta KE (in-lb) | 2.6284E-10 | 5.4360E-11 | 2.1903E-10 | 1.8651E-11 | 1.8328E-10 | 1.1506E-12 | 2.8708E-11
Rank 7 4 6 2 5 1 3

To minimize the possible “leap” over a potential minimum point, a smaller step size has been
used for the search routine and the pattern move routine in the optimization code, which are 0.95
for the search routine and 1.05 for the pattern move routine. It is to note that with a smaller step

size, the computation time will be longer. With the above-mentioned setting, it can be seen that
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among the local minimum points in Table 8.2, the computed best optimized setting for the

balancing is

OAngled [—3.8537 0
HForce b= Hr2.22110

HrorqueHd [84.2173

with the objective function value being 1.1506x10™*2 in-Ib. The angle unit is in radians, the force
isin Ib, and the torque is in in-Ib. It is to be noted that the angle is with reference to the top
cylinder (Cylinder A) axis as indicated in Figure 8.1; the force and torque are with respect to the
global center of mass defined in Chapter 3.

Corrected

A counterbalance
/\/ force
Balanci ngj - o
angle @ Correct
counterbalance
A torque

Figure 8.1 Optimum balancing angle with reference to Cylinder A axis, with asample
demonstration of optimized corrected force and torque.
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Chapter 9. Conclusions and Recommendations

9.1 Conclusions

There were three objectives for this research. First, it was thought that shaking at the
higher order terms, or the higher harmonics w, would contribute a substantial amount to the
kinetic energies of the compressor. As it is anormal practice that only the first two terms of the
binomial series expansion in deriving the displacement, velocity, and acceleration of a dider-
crank mechanism are taken into consideration for generating the shaking forces, the point or at
which harmonic where the effect can be let off has not been investigated. Secondly, among the
three main concerns of forces, which are the piston-crankshaft shaking force, the piston-
connecting rod impact force, and the Z-axis force due to the motor torgue, no investigation has
been made to determine which is the dominant force among the three that will be of concern to
shaking. The third objective is to find a method that can minimize the change in kinetic energies
when switching between the one- and two-cylinder operating modes of the reciprocating
compressor. Thisis so that in terms of the shaking and noise level generated by the compressor,
both operating modes will appear to be the same, and will be relatively unnoticeable when
switching from one operating mode to the other.

The acceleration of the piston of the compressor has been generated up to the 80th
harmonic. The forces associated to this acceleration have been computed and plotted as shown in
Figure 9.1. In the same figure, the impact force between the piston and the connecting rod, and
the Z-axis force due to the motor torque have been plotted too. From the plot, it can be concluded
that for the first two harmonic, i.e. w and 2w, shaking force due to the piston-crankshaft will be
the dominant force. Forces at higher harmonic of more than 2w will be eclipsed by the effect of
the impact force. There may be a concern that given enough clearance between the connecting
rod and the piston, the impact force will be the dominant force that causes shaking. This can be
seen from the trend showed in Figure 5.13. The Z-axis force, due to the skew of the conducting
rods in the motor that drive the crankshaft of the compressor, will not be of any maor concern.

As stated in the previous chapter, the skew angle used in this research in computing the force is
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larger than the alowable limit, hence the actual force generated by the motor will be even

smaller than what isindicated here.

Comparison of Forces in Frequency Domain
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Figure 9.1 Comparison of forcesin the frequency domain.

Balancing of the crankshaft will not be of importance if the dominant force that causes
the shaking is due to the impact force. Instead, focus will have to be on improving the
manufacturing precision of the connecting rod, the piston and the wrist pin to minimize the
clearance hence reducing the impact force between them. The task of developing an optimization
routine to determine the optimum setting for the angle, force, and torque in balancing the
crankshaft is called for to minimize the change in kinetic energies, thus shaking, between the two
operating modes of the compressor. The optimization agorithm has been developed and the
computed set of optimum setting is 3.8537 radians for the angle, 72.2211 Ib for the force, and
84.2173 in-1b for the torque. However, this optimum setting might not set the shaking to the
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minimum as there are possibilities that the cylinder(s) axis may not be perpendicular to the

crankshaft axis; the crankshaft axisis not aligned with the cylinder(s) axis, etc.
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9.2 Recommendations for Future Work

9.2.1 The Impact Model

A better impact model for the SIMULINK simulation could investigate the possible
impact between the rotating end of the connecting rod and the rotating crankshaft. The effect of
lubrication has on this part of the study can also be look into. Investigation can also be made in
the area with possibility of the piston rocking within the cylinder thus causing impact between

the piston and the cylinder wall.

9.2.2 Optimization

The trade off of having a more accurate optimum setting for the balancing of crankshaft
is the slower, hence longer computation time required. With the advancement in the devel opment
of higher speed computer, tightening the step size in the optimization routine and using a smaller
range of initial values for the angle, force, and torque can improve accuracy of the optimization
results.

Optimizing the physical parameters, i.e. length and weight of connecting rod, piston
weight, crankshaft radius, etc., of the compressor is not feasible in this research as these
information are used in DERIVE to generate the acceleration data. The acceleration information

isthen manually process and put into MATLAB.
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Appendix |

Piston’s acceleration data from w, 2w, 4w..., 80w in coef80.txt file

65160.5
13873.2
-157.221
2.00448
-0.0252405
0.000312864
-3.8293E-6
4.64107E-8
-5.58169E-10
6.67161E-12
-7.93424E-14
9.39642E-16
-1.10888E-17
1.30469E-19
-1.53108E-21
1.7927E-23
-2.09486E-25
2.44364E-27
-2.84601E-29
3.30997E-31
-3.84468E-33
4.46062E-35
-5.1698E-37
5.98599E-39
-6.92493E-41
8.00463E-43
-9.24575E-45
1.06718E-46
-1.23099E-48
1.4191E-50
-1.63502E-52
1.88281E-54
-2.16707E-56
2.49309E-58
-2.86682E-60
3.29452E-62
-3.77895E-64
4.29632E-66
-4.69725E-68
4.46051E-70
-2.70029E-72

102



Appendix 11

R e e %
%--------- MATLAB Script File for Generating the---------- %
% ----KE and PE due to the Shaking Forces and Mnents----- %
R e %
clear all;

Acc=l oad(' coef80.txt"'); % nport the accel eration values for
onega(1l)...onega(2n)

¥System nmass and inertia matrix
M=1.206 0 00 0 O;

0 .206 0 0 0 O;

0 0 .206 0 0 O;

0003.37 0 0

0 0O0O0 2.97 -.49;

0 00O -.49 1.45];

%otal assenbly stiffness matrix

K =11328 18.9 14.1 101 -2123 385;
18.9 1355 36.4 2246 -141 96.7;
14.1 36.4 1079 -115 -159 32.9;
101 2246 -115 23046 -903 382;
-2123 -141 -159 -903 30870 -2006;
385 96.7 32.9 382 -2006 14486];

%EBystem force and torque matrix

omega = 361; %Angul ar velocity of crank. Unit: rad/s

M pi ston = 0.659/384.088; %hass of piston. Unit: [b.s"2/in

Mwistpin = 0.075/384.088; %hass of wist pin

Mrcr = (0.625*0.131/2.374)/384.088; %hss of reciprocating connecting rod
Mrecip = Mpiston + Mwistpin + Mrcr; %Reciprocating nmass

a = 3.835; %istance fromthe top cylinder to the systemmass center. Unit:
i nches

b =5.71;, % stance fromthe bottomcylinder to the system nass center. Unit:
i nches

¢ = 1.875; %istance betw the two cylinders. Unit: inches

tor = max(size(Acc));

%-orce in the Y-direction
for i=1:tor
ForceY_A(i, 1)
ForceY_B(i, 1)
end

Mrecip * Acc(i); %orce acting on the top cylinder
Mrecip * Acc(i); %orce acting on the bottom cylinder

%Cenerating the torque
for i=1l:tor
T_AB(i,1) = Mrecip*Acc(i)*c; % ol um of torque values fromfirst onega

(omega(1))
T A(i,1) = ForceY A(i) * a; % o | ast onmega (onega(80))
T B(i,1) = ForceY_ B(i) * b;

end

%@ecoupling of forced vibration equation MX dot_dot + K*X = F
A =inv(M*K, %he dynam cs nmatrix
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[P,D]=eig(A); % -the diagonal nmatrix with the eigenval ues

%°--the nmodal matrix (corresp. eigenvectors as column vectors)
de _neP * M P,
de_k=P *K*P

%4ormng the force matrix
%-orce matrix for both cylinders in operation
Force_AB = zeros(6,tor);
for i = 1:tor
Force AB(4,i) = -T_AB(i);
end
fo_AB=spar se( Force_AB)
F AB = P*fo_AB; %orce matrix

%-orce matrix for cylinder A alone in operation
Force A = zeros(6,tor);

for i = 1:tor
Force A(2,i) = -ForceY_A(i)
Force A(4,i) = -T_A(i);

end

fo_A=sparse(Force_A)
FA=P*fo A, %orce nmatrix

%-orce matrix for cylinder B alone in operation
Force B = zeros(6,tor);

for i = 1:tor
Force B(2,i) = -ForceY_B(i);
Force B(4,i) = -T_B(i);

end

fo_B=sparse(Force_B)
FB=P*fo B, %orce nmatrix

%en. the vector columm of matrix Y at onmega(1l-->2n), torque(l-->2n)
%/ector columm of matrix Y at onega(l)
for j=1
for i=1:6
Y_AB(i,j)= abs((F_AB(i
(onega™2*de_m(i,i)/de_k(i, ;

Jj)/de_k(i,i))/(1-
1))))
Y_A(i,j)= abs((F_A(i,j)/de_k(i,i
,i)/d

i))/(1-(omegar2*de_n(i,i)/de_k(i,i))));
Y_B(i,j)= abs((F_B(i e k(i,i))/(1-(omegar2*de_m(i,i)/de_k(i,i))));
end
end
%/ector columm of matrix Y at onmega(2,4,6,...,2n)
for j=2:tor
for i=1:6

Y_AB(i,j)= abs((F_AB(i,j)/de_k(i,i))/(1-((((2*%)-
2) *onega) "2*de_m(i,i)/de_k(i,i))));

Y A(i,j)= abs((F_A(i,j)/de_k(i,i))/(1-((((2*%))-
2) *onega) "2*de_n(i,i)/de_k(i,i))));

Y B(i,j)= abs((F_B(i,j)/de_k(i,i))/(1-((((2*%))-
2) *onega) "2*de_m(i,i)/de_k(i,i))));

end

end

%0 spl acement matri x
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X AB=abs(P*Y_AB); %bisp. matrix for both cylinders in operation
X A =abs(P*Y_A); %isp. matrix for cylinder A in operation
X_B =abs(P*Y_B); %bisp. matrix for cylinder B in operation

%enerating the Kinetic Energy, KE, where KE = 1/2*M(x_dot)”"2

%enerating KE of onega(1l)
XAB = X AB(:,1); %kxtract the first columm (onega(l)) of matrix X
KE AB(1) = ((onega”2)/2)*(XAB' *M XAB); %E val ue for onega(1l)

%enerating KE of onega(2),(4),(6),...
C_XAB = X AB;
C_XAB(:,1)=[]; %Converting X from6 by 41 to a 6 by 40 matrix, starting
% th onega(2) as the first colum vector

c_XAB(:,1:(tor-1));
for i=2:tor

KE _AB(i,1) = (((((2*i)-2)*onega)”2)/2)*((c_XAB(:,i-1))"' *Mc_XAB(:,i-1));
end
KE AB %E of both cylinders in operation.

%otal kinetic energy
Total _KE_AB = sun{ KE_AB)

%4=nerating the Potential Energy, U where U= 1/2*K*X"2
%enerating PE of omega(1l)
PE_AB(1) = (1/2)*(XAB *K*XAB); %E value for onega(1l)

%enerating PE of onega(2),(4),(6),...
c_XAB(:,1:(tor-1));
for i=2:tor

PE AB(i,1) = (12/2)*((c_XAB(:,i-1))"'*K*c_XAB(:,i-1));
end
PE AB %E of both cylinders in operation.

%ot al potential energy
Total _PE_AB = sum( PE_AB)

%enerating KE of omega(1)
XA = X A(:,1); %xtract the first colum (onega(l)) of matrix X
KE_A(1) = ((omega”2)/2)*( XA *MXA); UE val ue for onega(l)

%=enerating KE of onega(2),(4),(6)....
c_XA = XA
C_XA(:,1)=[]; YConverting X from6 by 41 to a 6 by 40 matrix, starting
%\ th onega(2) as the first columm vector
c_XA(:,1l:(tor-1));
for i=2:tor
KE_A(i, 1) = (((((2*i)-2)*omega)"2)/2)*((Cc_XA(:,i-1))" " *Mc_XA(:,i-1));
end
KE_A %E of only Cylinder A in operation

%rotal kinetic energy
Total KE A = sum KE_A)
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9%4=nerating the Potential Energy, PE, where PE = 1/2*K*X"2
%Cenerating PE of onega(l)
PE_A(1) = (1/2)*( XA *K*XA); %E value for onega(l)

%enerating the PE of onega(2),(4),(6),...
c_XA(:,L1l:(tor-1));
for i=2:tor

PE A(i,1) = (1/2)*((c_XA(:,i-1))"*Krc_XA(:,i-1));
end
PE_A

%otal potential energy
Total _PE_A = sum PE_A)

R CylinderB-------mcmmm e
%Cenerating KE of onega(1l)

XB = X B(:,1); %xtract the first colum (onega(l)) of matrix X
KE B(1) = ((onmegan2)/2)*(XB *MXB); YE val ue for onega(l)

c_XB =

X _B
c XB(:,1)=

[1; “Converting X from6 by 41 to a 6 by 40 matrix, starting
% th onega(2) as the first columm vector
c_XB(:,1l:(tor-1));
for i=2:tor
KE_B(i,1) = (((((2*i)-2)*omega)"2)/2)*((c_XB(:,i-1))"*Mc_XB(:,i-1));
end
KE_B %E of only Cylinder B in operation

%rotal kinetic energy
Total KE B = sum( KE_B)

%&enerating the Potential Energy, PE, where PE = 1/2*K*X"2
%>enerating PE of omega(1l)
PE B(1) = (1/2)*(XB *K*XB); %E val ue for onega(1l)

c_XB(:,1:(tor-1));
for i=2:tor
PE B(i,1) = (1/2)*((c_XB(:,i-1))"*K*c_XB(:,i-1));
end
PE B

%otal potential energy
Total PE B = sunm(PE_B)
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Appendix |11

R e %
We-------- Crankshaft Bal anced for 2 Cylinders Operation-------------------- %
% (Force vector--forces and nonents of 2 cylinders operation will be zero)--%
R I I %
clear all;

¥System nmass and inertia matrix

M=[.206 00 0 O O;
0 .206 0 0 0 O;
00 .206 0 0 O;
000 3.37 0 0;
0000 297 -.49;
0000 -.49 1.45];

%otal assenbly stiffness matrix

K =1[1328 18.9 14.1 101 -2123 385;
18.9 1355 36.4 2246 -141 96.7;
14.1 36.4 1079 -115 -159 32.9;
101 2246 -115 23046 -903 382;
-2123 -141 -159 -903 30870 -2006;
385 96.7 32.9 382 -2006 14486];

%Eystem force and torque matrix

omega = 361; %Angul ar velocity of crank. Unit: rad/s

| recip = 1.75; %.ength of connecting rod's cg to center of wist pin hold
| rot = 0.625; %.ength of connecting rod's cg to center of crank hold

Mcr = 0.131/384.088; %hss of reciprocating connecting rod

Mrot = Mcr*(l_recip/(l _recip + 1 _rot)); %otating nass

r = 0.5 % rank radius. Unit: inches

a = 3.835; %istance fromthe top cylinder to the system nass center. Unit:
i nches

b =5.71;, % stance fromthe bottomcylinder to the system nass center. Unit:
i nches

c = 1.875; % i stance betw the two cylinders. Unit: inches

tor = 1,
% ----Gouping Force and Torque according to sin and cos function------------
R L Sine-omega-t segment ------------- oo

%enerating the force val ues
for i=1l:tor

ForceY As(i,1) = Mrot * r * onmega”™2; %-orce on the top cylinder (sin)
ForceY Bs(i,1) = Mrot * r * omega”2; %-orce on the bottom cylinder (sin)
ForceX Ac(i,1) = Mrot * r * omega”2; %orce on the top cylinder (cos)
ForceX Bc(i,1) = Mrot * r * omega”2; %orce on the bottom cylinder (cos)

end

%>enerating the torque val ues
for i=1l:tor

T_As(i,1l) = ForceY_As(i) * a; % olumm of torque values fromfirst onega
T Bs(i,1) = ForceY_ Bs(i) * b; %onega(l)) to |ast onega (onega(80))
T Ac(i,1) = ForceX Ac(i) * a
T Be(i,1) = ForceX Be(i) * b
end

107



%@ecoupling of forced vibration equation MX dot_dot + K*X = F
A =inv(M*K, % he dynam cs matrix
[P, D]=eig(A); %O -the diagonal matrix with the eigenval ues
%--the modal matrix (corresp. eigenvectors as column vectors)
de_nmeP' *M P
de_k=P *K*P

%4-ornmng the force matrix

%-orce matrix for cylinder A alone in operation
Force As = zeros(6,tor);

Force Ac = zeros(6,tor);

for i = 1:tor

Force_ As(2,i) = -ForceY_As(i);
Force As(4,i) = -T_As(i);
Force Ac(1,i) = -ForceX Ac(i);
Force Ac(5,i) = T Ac(i);

end

fo_As=sparse(Force_As);
fo_Ac=sparse(Force_Ac);

F As = P"*fo_As; %orces and nonents matrix
F Ac = P'*fo_Ac;

%-orce matrix for cylinder B alone in operation
Force Bs = zeros(6,tor);

Force Bc = zeros(6,tor);

for i = 1:tor

Force_Bs(2,i) ForceY _Bs(i)

Force Bs(4,i) = T _Bs(i);
Force Bc(1,i) = ForceX Bc(i);
Force Bc(5,i) = -T Be(i);

end

fo_Bs=sparse(Force_Bs);
fo_Bc=sparse(Force_Bc);

F Bs = P *fo_Bs; %orces and nonents matrix
F Bc = P *fo_Bc;

%9en. the vector colum of matrix Y
for i=1:6

Y_As(i,1)= abs((F_As(i,1)/de_k(i,i))/(1-(omegar2*de_n(i,i)/de_k(i,i)))):
Y Bs(i,1)= abs((F_Bs(i,1)/de _k(i,i))/(1-(omegar2*de_n(i,i)/de k(i,i))));
Y _Ac(i,1)= abs((F_Ac(i,1)/de k(i,i))/(1-(omegar2*de_n(i,i)/de k(i,i)))):
Y Bc(i, 1)= abs((F _Bc(i,1)/de k(i,i))/(1-(omegar2*de _n(i,i)/de k(i,i)))):

end

%0 spl acement matri x

X _As =abs(P*Y_As); % i sp. matrix for cylinder A in operation(sin)

X Bs =abs(P*Y_Bs); % sp. matrix for cylinder B in operation(sin)

X Ac =abs(P*Y _Ac); %Oisp. matrix for cylinder A in operation(cos)

X Bc =abs(P*Y Bc); %bDisp. matrix for cylinder B in operation(cos)

I e i
%--------- Cenerating the total displ. X UA and X UB------------------------
X A= (XAs. "2 + X Ac."2)."(1/2);

X B = (XBs."2 + X _Bc."2)."(1/2);
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%6=enerating the Kinetic Energy, KE, where KE = 1/2*M(x_dot)"2
I Both cylinders--------cmmmm
UE will be zero in this case as the displacenent matrix [X] is zero

R Oylinder A------mm o e e
%enerating KE of constant onmega

OXA = X A(:,1); %Extract the first colum (onega(l)) of matrix X

KE A(1) = ((onmegan2)/2)*(X A *MX A); %E val ue for onega(l)

KE_A

9%4=nerating the Potential Energy, PE, where PE = 1/2*K*X 2
%>enerating PE of constant onmega

PE A(1) = (1/2)*(X A *K*X A); %E value for onega(l)

PE_A

WO fference between the Kinetic and Potential Energy
DI ff. at each onega
for i = 1:tor
diff_indv_A(i,1) = KE_A(i) - PE_A(i); %iff. at each onega
end
odi ff _i ndv_A
o0 ff. between the total KE and total PE
o%li ff_total A = Total _KE_A - Total _PE_A

%enerating KE of omega(1)

%B = X B(:,1); %xtract the first colum (omega(l)) of matrix X
KE_B(1) = ((onmega”2)/2)*(X_ B *MX B); %E value for onega(1l)
KE_B

%4=nerating the Potential Energy, PE, where PE = 1/2*K*X 2
%Cenerating PE of onega(l)

PE B(1) = (1/2)*(X B *K*X_B); %E value for onega(1)

PE_B

%o fference between the Kinetic and Potential Energy
%i ff. at each onega
for i = 1:tor
diff _indv_B(i,1) = KEB(i) - PEB(i); i ff. at each onega
end
%di ff_indv_B
%i ff. between the total KE and total PE
%li ff total B = Total KE B - Total PE B

R LR T Difference in Energy----------------------------
KE_A mi nus_B KE_A - KEB %iff. of KE betw. cyl A and cyl B in opt.
PE A mnus B=PEA- PEBYiff. of PE betw. cyl A and cyl B in opt.



%% - - - - Crankshaft bal anced for Cylinder Ain operation-------------- %
% ---(Force vector--forces and nmonents for Awll be zero)---------- %
R %
clear all;

%System mass and inertia matrix

M=[.206 00 0 0 O;
0 .206 0 0 0 O;
00 .206 0 0 O;
000 3.37 0 0;
0000 297 -.49;
0000 -.49 1.45];

%otal assenbly stiffness matrix

K =1[1328 18.9 14.1 101 -2123 385;
18.9 1355 36.4 2246 -141 96.7;
14.1 36.4 1079 -115 -159 32.9;
101 2246 -115 23046 -903 382;
-2123 -141 -159 -903 30870 -2006;
385 96.7 32.9 382 -2006 14486];

%EBystem force and torque matrix

onega = 361; %Angul ar velocity of crank. Unit: rad/s

| recip = 1.75; %.ength of connecting rod's cg to center of wist pin hold
| rot = 0.625; %.ength of connecting rod's cg to center of crank hold

Mcr = 0.131/384.088; %hass of reciprocating connecting rod

Mrot = Mcr*(l_recip/(l _recip + 1 _rot)); %otating nass

r = 0.5 9% rank radius. Unit: inches

a = 3.835; ist fromtop cylinder to the systemmass center. Unit: inches

b =5.71;, Wi st frombottomcylinder to the systemmass center. Unit: inches
c = 1.875; % i stance betw the two cylinders. Unit: inches

tor = 1,

% - -- G oupi ng Force and Torque according to sin and cos function------------
% ---------- - - - - Sine-onega-t Ssegment-------------------- oo
%enerating the force val ues

for i=1l:tor

ForceY ABs(i,1) = Mrot * r * onega™2; %orce on both cylinders (sin)
ForceY Bs(i,1) = Mrot * r * onega™2; %orce on the bottom cylinder (sin)
ForceX ABc(i,1) = Mrot * r * onega™2; %orce on both cylinders (cos)
ForceX Bc(i,1) = Mrot * r * onega™2; %orce on the bottom cylinder (cos)

end

%>enerating the torque val ues
for i=1:tor
T_ABs(i,1) = ForceY_ABs(i) * b; %orque val ues
T Bs(i,1l) = ForceY_Bs(i) * (atb);
T ABc(i,1l) = ForceX ABc(i) * b
T Be(i,1) = ForceX Be(i) * (atb);
end

%@ecoupling of forced vibration equation MX dot_dot + K*X = F
A =inv(M*K, % he dynam cs nmatrix
[P,D]=eig(A); %O -the diagonal nmatrix with the eigenval ues
%--the nodal matrix (corresp. eigenvectors as columm vectors)
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de_nmeP' * M P;
de_k=P' *K*P;

e Forming the force matriX-----------ccmmmmmomomooon
%-orce matrix for both cylinders in operation

Force ABs = zeros(6,tor);

Force ABc = zeros(6,tor);

for i = 1:tor

Force_ABs(2,i) ForceY_ABs(i);

Force ABs(4,i) = T_ABs(i);
Force ABc(1,i) = ForceX ABc(i);
Force ABc(5,i) = -T_ABc(i);

end

f o_ABs=spar se( Force_ABs);

fo_ABc=spar se(Force_ABc);

F_ABs P'*fo_ABs; %-orces and nonments nmatrix for 2 cyl in operation
F_ABc P' *f o_ABc;

%-orce matrix for cylinder B alone in operation

Force Bs = zeros(6,tor);

Force Bc = zeros(6,tor);

for i = 1:tor
Force_Bs(2,i)
Force_Bs(4,i)
Force Bc(1,i)
Force Bc(5,i)

end

fo_Bs=sparse(Force_Bs);

fo_Bc=sparse(Force_Bc);

F_Bs P *fo Bs; %-orces and nmonents matrix for B in operation

F Bc P *fo_Bc;

* ForceY_Bs(i);
_Bs(i);

[ L I
YN
*
m
o
=
o
-0
I><
oY)
(2]
—~
~

%9en. the vector colum of matrix Y
for i=1:6

Y_ABs(i, 1)= abs((F_ABs(i,1)/de_k(i,i))/(1-(omegar2*de_n(i,i)/de_k(i,i))));
Y Bs(i,1)= abs((F_Bs(i,1)/de_k(i,i))/(1-(omegar2*de_n(i,i)/de_k(i,i))));
Y _ABc(i, 1)= abs((F_ABc(i,1)/de k(i,i))/(1-(omegar2*de n(i,i)/de k(i,i))));
Y Bc(i,1)= abs((F_Bc(i,1)/de _k(i,i))/(1-(omegar2*de n(i,i)/de k(i,i)))):

end

%0 spl acement matri x

X _ABs =abs(P*Y_ABs); %Disp. matrix for cylinder A & B in operation(sin)
X Bs =abs(P*Y_Bs); % sp. matrix for cylinder B in operation(sin)

X ABc =abs(P*Y_ABc); %bDisp. matrix for cylinder A & B in operation(cos)
X Bc =abs(P*Y Bc); %bDisp. matrix for cylinder B in operation(cos)

R L L LR E LR
%----mmm- - Cenerating the total displ. X ABand X B--------------oo-o-
X AB = (X_ABs.”"2 + X_ABc.”"2)."(1/2);

X B = (XBs."2 + X Bc."2).7(1/2);

9%E=enerating the Kinetic Energy, KE, where KE = 1/2*M(x_dot)"2
R Both cylinders-------cemmemmme e e e
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%nerating KE of constant onmega
KE AB(1) = ((omega”2)/2)*(X AB *MX AB); Y%E val ue for constant onega

KE_AB

%4=nerating the Potential Energy, U where U = 1/2*K*X"2
%enerating PE of constant onmega

PE_AB(1) = (1/2)*(X_AB *K*X_AB); %E value for onega(1l)

PE_AB

R L e CylinderB---------mmmm oo
%>enerating KE of constant onmega

KE B(1) = ((onmegan2)/2)*(X B *MX B); %E val ue for constant onega

KE B

%4=nerating the Potential Energy, PE, where PE = 1/2*K*X 2

%enerating PE of constant onega

PE B(1) = (1/2)*(X B *K*X B); %E value for constant onega

PE_B
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We--------- Crankshaft bal anced for Cylinder B in operation----------------- %
% ----- (Force vector--forces and nonent for Cyl Bwll be zero)------------- %
R e i %
clear all;

%System mass and inertia matrix

M=[.206 00 0 0 O;
0 .206 0 0 0 O;
00 .206 0 0 O;
000 3.37 0 0;
0000 297 -.49;
0000 -.49 1.45];

%otal assenbly stiffness matrix

K =1[1328 18.9 14.1 101 -2123 385;
18.9 1355 36.4 2246 -141 96.7;
14.1 36.4 1079 -115 -159 32.9;
101 2246 -115 23046 -903 382;
-2123 -141 -159 -903 30870 -2006;
385 96.7 32.9 382 -2006 14486];

%EBystem force and torque matrix

onega = 361; %Angul ar velocity of crankshaft. Unit: rad/s

| recip = 1.75; %.ength of connecting rod's cg to center of wist pin hold
| rot = 0.625; %.ength of connecting rod's cg to center of crank hold

Mcr = 0.131/384.088; %hass of reciprocating connecting rod

Mrot = Mcr*(l_recip/(l _recip + 1 _rot)); %otating nass

r = 0.5 9% rank radius. Unit: inches

a = 3.835; %istance fromthe top cylinder to the system nass center. Unit:
i nches

b =5.71;, %istance fromthe bottomcylinder to the system nass center. Unit:
i nches

c = 1.875; %istance betw the two cylinders. Unit: inches

tor = 1,
% ----- Groupi ng Force and Torque according to sin and cos function-----------
R Sine-onmega-t SegmeNnt -----------m oo

%>enerating the force val ues
for i=1l:tor
ForceY _ABs(i, 1) = Mrot

* omega”2; %-orce on both cylinders (sin)
ForceY_As(i,1) = Mrot *

*

*

onmega”2; %-orce on the bottom cylinder (sin)
omega”2; %-orce on both cylinders (cos)
omega”2; %-orce on the bottom cylinder (cos)

ForceX ABc(i, 1) = Mrot
ForceX Ac(i,1l) = Mrot
end

= = = =
L

%Cenerating the torque val ues
for i=1l:tor
T ABs(i,1l) = ForceY ABs(i) * a; %ol umm of torque values fromfirst onega
T As(i,1) = ForceY_As(i) * (a+b); %onega(l)) to |last onega (onega(80))
T ABc(i,1l) = ForceX ABc(i) * a;
T_Ac(i,1l) = ForceX Ac(i) * (atb);
end

%Mecoupl ing of forced vibration equation M X dot_dot + K*X = F
A =inv(M*K, % he dynam cs nmatrix
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[P,D]=eig(A); % -the diagonal nmatrix with the eigenval ues

%°--the nmodal matrix (corresp. eigenvectors as column vectors)
de _neP' * M P,
de_k=P" *K*P;

R Formng the force matrix-----------------------------
%-orce matrix for both cylinders in operation

Force_ABs = zeros(6,tor);

Force_ABc = zeros(6,tor);

for i = 1:tor

Force ABs(2,i) -ForceY_ABs(i);

Force ABs(4,i) = -T_ABs(i);
Force_ABc(1l,i) = -ForceX ABc(i);
Force_ABc(5,i) = T_ABc(i);

end

fo_ABs=sparse(Force_ABs);

fo_ABc=spar se(Force_ABc);

F_ABs P *fo_ABs; %-orces and nonents matri x of AB
F_ABc P *fo_ABc;

%-orce matrix for cylinder A alone in operation
Force As = zeros(6,tor);

Force_Ac = zeros(6,tor);

for i = 1:tor

Force As(2,i) -2 * ForceY_As(i);

Force As(4,i) = -T_As(i);
Force Ac(1,i) = -2 * ForceX Ac(i);
Force_Ac(5,i) = T_Ac(i);

end

fo_As=sparse(Force_As);

fo_Ac=sparse(Force_Ac);

F As = PP*fo_As; %orces and nonents nmatrix of A
F Ac = P *fo_Ac;

%946en. the vector columm of matrix Y at constant onega

for i=1:6
Y _ABs(i,1)= abs((F_ABs(i,1)/de_k(i,i))/(1-(omega™2*de_n{(i,i)/de_k(i,i))));
Y_As(i,1)= abs((F_As(i,1)/de_k(i,i))/(1-(omegar2*de_n(i,i)/de_k(i,i))));
Y_ABc(i,1)= abs((F_ABc(i,1)/de_k(i,i))/(21-(omegar2*de_n(i,i)/de_k(i,i))));
Y_Ac(i,1)= abs((F_Ac(i,1)/de_k(i,i))/(1-(omegar2*de_n(i,i)/de_k(i,i))));

end

%0 spl acenent matri x

X ABs =abs(P*Y_ABs); %bisp. natrix for cylinder A & B in operation(sin)
X As =abs(P*Y_As); %Disp. matrix for cylinder B in operation(sin)

X ABc =abs(P*Y_ABc); %bDisp. nmatrix for cylinder A & B in operation(cos)
X _Ac =abs(P*Y_Ac); %Oisp. matrix for cylinder B in operation(cos)

R i i
% -------- Cenerating the total displ. X ABand X B------------mommmn
X_AB = (X_ABs.”"2 + X _ABc.”"2)."(1/2);

X A = (X As."2 + X _Ac."2)."(1/2);
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%Wenerating the Kinetic Energy, KE, where KE = 1/2*M(x_dot)"2
R Both cylinders--------commmmmmm o
%enerating KE at constant onega

KE_AB(1) = ((omegan2)/2)*(X_AB *MX_AB); %E value for onega(1l)

KE_AB
%€=enerating the Potential Energy, U where U = 1/2*K*X"2
%Cenerating PE at constant onega

PE AB(1) = (1/2)*(X _AB *K*X AB); %E val ue for onega(1l)

PE_AB

R Cylinder A------mmmm e
%>nerating KE at constant onmega

KE_A(1) = ((omega”n2)/2)*(X_ A *MX_ A); %E val ue at constant onega

KE_A

%4=nerating the Potential Energy, PE, where PE = 1/2*K*X 2

%cenerating PE at constant onega

PE_A(1) = (1/2)*(X A *K*X_A); %E value at constant onega

PE_A
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Appendix 1V

I e i %
We ------ Converting | mapct Force Data CGenerated in SIMILINK from--------- %0
We ------ Time to Frequency DOMBI N-------- - - mm oo oo %%
R i e I %
clear all;
close all;

| oad inpact -mat; %bata file generated by SI MJLINK

ti me=ans';
xt=tinme(8825:9848,2); %one cycle starting at 0.15 sec
fxt=fft(xt); %Jtilizing the FFT function

%l otting of the force values in tine donmain

% Sane as that in Sinulink scope output)

figure(l)

pl ot (xt)

zoom on

title(' Piston-Connecting Rod C earance | npact Force (Tinme Domain)')
x| abel (" No. of Tine-step(\Deltat)")

yl abel (" Force(lb)")

%l otting of the force values in frequency donain

figure(2)

y=(abs(fxt(1:512)/1024)*2);

sem | ogy(y) %l otting of the FFT function (Force vs Frequency)
hol d on

x=(1:1:512)";
for n=1:512
nmy(n) =mean(y);
end
sem | ogy(x,ny, ' k-") 9%l otting of the average of the force val ues
hol d on
zoom on
title('Log Plot of Piston-Connecting Rod C earance |npact Force (Frequency
Dorai n) ')
x| abel (' Frequency(\onega) ')
yl abel (' Force(lb) / Log")

Acc=l oad(' coef80.txt"); % nport the accel eration values for
onega(1l)...onega(2n)

%EBystem force and torque matrix

omega = 361; %Angul ar velocity of crank. Unit: rad/s

M pi ston = 0.659/384.088; %hass of piston. Unit: [b.s"2/in

Mwistpin = 0.075/384.088; %hss of wist pin

Mrcr = (0.625*0.131/2.374)/384.088; %hass of reciprocating connecting rod
Mrecip = Mpiston + Mwistpin + Mrcr; %Reciprocating ness

tor = max(size(Acc));

%shaki ng Forces
for i=1l:tor
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Force(i,1) = Mrecip * Acc(i); %shaking forces
end

xi =1: 2;
y=abs(Force(1:2));
sem | ogy(xi,y, ' k-")
hol d on

Xi=2:2:((tor-1)*2);
y=abs(Force(2:41));
sem | ogy(xi,y, " ' k-")
hol d on
zoom on

figure(3)

y=(abs(fxt(1:512)/1024)*2);

bar (y) %l otting of the FFT function (Force vs Frequency)
axi s([-10 520 -10 300])

hol d on

plot(x,ny,"'k-") %lotting of the average of the force val ues

hol d on

zoom on

title(' Piston-Connecting Rod C earance | npact Force (Frequncy Domain)')
x| abel (' Frequency(\onega)"')

yl abel (' Force(lhbh)")

xi =1: 2;
y=abs(Force(1:2));
plot(xi,y," k-")
hol d on

Xi=2:2:((tor-1)*2);
y=abs(Force(2:41));
plot(xi,y," k-")
zoom on
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Appendix V

R i e %
Wh------------ Hooke and Jeeves Optim zation Method------------------- 9
R i i %

%vkain routine to scan the best local minimal obtained froma range of
% nput of angle, force, and torque initial values.

function main()

gl obal x0 x x1 dx dxmin count;
clear all;

close all;

format short;

tic

%Wnitializing x0
¥setting the range of initial values of angle, force, and torque

aa = 0.1:0.1:6. 2;
bb = 68:1: 77;
cc = 71:1:85;
count =l engt h(aa) *l engt h( bb) *I engt h(cc);
z = 1;
for aaa = aa
for bbb = bb
for ccc = cc
x0(1,1) = aaa;
x0(2,1) = bbb;
x0(3,1) = ccc;
[ X0, KEO] = I ocal _hjoptinm(x0);
for m=1:3
optimzed(mz) = x0(m1l);
end
KEner gy(z) = KEO;
zZ = z+1;
end
end
end

%li sp(' Optim zed setting')
%li sp(optim zed)

%li sp(' Optim zed KE')

%li sp( KEner gy)

%sorting out the best optinized setting based on the | east
%anount of change in KE
L =1,
mn = KEnergy(1);
for K= 1:1:(count-1)
i f KEnergy(K+l) <= min
L = K+1;
m n = KEnergy(K+1);
end
end
di sp(' Best setting')
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di sp(optim zed(:,L))

di sp(KEnergy(L))

toc

return;
I e %
We------- Subroutine for activating Hook & Jeeves routine------------ %%
function [x0, KEO] = | ocal _hjoptinm x0)

x =x0;

x1=x0;

% nput

dx=[ 0. 01; 0.05; 0.05]; %step size

dxmin = 0.0001; %ol erance or termnation citeria

%Routine Start

for

i = 1:1:10000

%sear ch nmove

q=1;

KEO=t ot al _KE(x0(1, 1),x0(2,1),x0(3,1));

whil e (g<4)
KEO = total KE(x0(1,1),x0(2,1),x0(3,1));
x1(q,1) = x0(qg, 1) +dx(q, 1);
KEl = total KE(x1(1,1),x1(2,1),x1(3,1));
i f (KE1)<(KEO)

x0=x1;
dx(qg,1) = 1.1*dx(q,1);
el se
dx(g,1) = -dx(q,1);
x1(qg,1) = x0(q, 1)+dx(q,1);

KEl = total KE(x1(1,1),x1(2,1),x1(3,1));
i f (KE1l)<(KEO)
x0 = x1;
el se
dx(qg, 1)= dx(q, 1) *0. 95;
end
end
q=g+1;
end

if x == x0
i f max(abs(dx))<dxmn
%li sp(x0)
KEO = abs(total KE(x0(1,1),x0(2,1),x0(3,1)));
return;
end
el se
%Pattern nove
x1 = x+(x-x0);
KEO = total KE(x0(1,1),x0(2,1),x0(3,1));
KEl = total KE(x1(1,1),x1(2,1),x1(3,1));
if (KE1) < (KEO)

x0 = x1;

x = XO0;
el se

X =x0;
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x1=x0;
end
end

%Check vari abl e ranges
if (abs(x0(1,1))>2*pi)
di sp(' Exceed range of angle');
di sp(x0)
return;
end
if (x0(2,1)<0)]|(x0(2,1)>150)
di sp(' Exceed range of Force');
di sp(x0)
return;
end
if (x0(3,1)<0)]|(x0(3,1)>150)
di sp(' Exceed range of torque');
di sp(x0)
return;
end
end
di sp(' Exceed nunber of [oops allowed');
di sp(x0);
return;
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function [f] = total KE(Ang,F_corr, T corr)

%-unction total KE recal culate the corrected KE (KE_corr)

%val ue at the given angle in radian, force, and torque. This KE value is
% hen passed back to the Hook & Jeeves optim zation routine to generate
% he optimzed set of data.

%

%Wnput: Ang -- angle in radian; F_corr -- force; T _corr -- torque

% utput: f -- Optimzed KE value for a given set of input data

%Acc=l cad(' coef80.txt"'); % nport the acceleration val ues for
onega(1l)...onmega(2n)

%System mass and inertia matrix

M=[.206 000 0 O;
0 .206 0 0 0 O;
00 .206 0 0 O;
000 3.37 0 0;
0000 297 -.49;
0000 -.49 1.45];

%otal assenbly stiffness matrix

K =[1328 18.9 14.1 101 -2123 385;
18.9 1355 36.4 2246 -141 96.7;
14.1 36.4 1079 -115 -159 32.9;
101 2246 -115 23046 -903 382;
-2123 -141 -159 -903 30870 -2006;
385 96.7 32.9 382 -2006 14486];

%®Bystem force and torque nmatrix

onega = 361; %Angul ar velocity of crank. Unit: rad/s

M pi ston = 0.659/384.088; %hass of piston. Unit: |b.s"2/in

Mwistpin = 0.075/384.088; %hss of wist pin

Mrcr = (0.625*0.131/2.374)/384.088; %hass of reciprocating connecting rod
Mrecip = Mpiston + Mwistpin + Mrcr; %Reciprocating ness

c = 1.875; %istance betw the two cylinders. Unit: inches

% or = max(size(Acc));

tor = 41;

%Mecoupling of forced vibration equation M X dot_dot + K*X = F
A =inv(M*K, % he dynam cs nmatrix
[P,D]=eig(A); % -the diagonal nmatrix with the eigenval ues
%--the nodal matrix (corresp. eigenvectors as col unm vectors)
de_meP' * M P;
de_k=P *K*P

%l‘*************************************************************************

%Routine calculating the correction KE (KE corr) for mnimzing the change
%W6n KE froma two cylinder operating node to a one cylinder operating node
%4 or vice versa).

rad = Ang;
Top = length(rad); %quivalent to max(size(degree)); # of interva
%degree = rad*(180/pi); % onverting radian to degree

R Correction KE ROULINE-------mmmmm oo
%>enerating the sine and cosine value of angles 0 to 2 pi radian
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for i = 1:Top

C(i,1) = cos(rad(i));

S(i,1) = sin(rad(i));

F C(i,1) = F.corr * C(i,1);

F S(i,1) = F corr * S(i,1);

T C(i,1) =T.corr * C(i,1);

T S(i,1) = T _corr * S(i,1);
end

%-orce matrices (6 by Top) of function sin(wt) and cos(w)
CorrF_ABs = zeros(6, Top);

CorrF_ABc = zeros(6, Top);

for i = 1:Top

CorrF_ABs(1,i) -F_S(i); %-unction sin(w)

CorrF_ABs(2,i) = F_C(i);
CorrF_ABs(4,i) = -T_C(i);
CorrF_ABs(5,i) = -T_S(i);
CorrF_ABc(1l,i) = F_C(i); %unction cos(w)
CorrF_ABc(2,i) = F_S(i);
CorrF_ABc(4,i) = -T_S(i);
CorrF_ABc(5,i) = T_C(i);

end

Cf _ABs = P *CorrF_ABs;

Cf _ABc = P' *CorrF_ABc;

for d=1: Top
for j=1

for i=1:6

Y_CABs(i,j)=abs((Cf_ABs(i,d)/de_k(i,i))/(1-
(onega™2*de_nm(i,i)/de_k(i,i))));

Y_CABc(i,]j)=abs((Cf_ABc(i,d)/de_k(i,i))/(1-
(onegan2*de_m(i,i)/de_k(i,i))));

end

end

for j=2:tor
for i=1:6

Y_CABs(i,j)=abs((Cf_ABs(i,d)/de_k(i,i))/(1-((((2*%))-
2) *onega) "2*de_n(i,i)/de_k(i,i))));

Y_CABc(i,j)=abs((Cf_ABc(i,d)/de_k(i,i))/(1-((((2*%)-
2) *onega) "2*de_n(i,i)/de_k(i,i))));

end
end
X CABs = abs(P*Y_CABs);
X _CABc = abs(P*Y_CABc);

X CAB = (X_CABs.”"2 + X _CABc.”2).7(1/2);
KE CAB(1) = ((onegan2)/2)*(X CAB(:,1)'*MX CAB(:,1));
for i=2:tor

KE CAB(i,1) = (((((2*i)-2)*onega)”2)/2)*((X_ CAB(:,i))"' *MX CAB(:,i));
end
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Total KE CAB(d,1) = sun(KE CAB); %otal corrected KE for Cyl AB

end

9X_CAB

YKE_CAB

%ot al _KE CAB

R T I T

KE corr = Total KE CAB;
X 1. 253; %Jser define the value for x (or y)
y =2 - x

f abs((x * 7.148112661499771e-002 + y * 6.368625806814919e-001)/2 -
KE corr);

%-or the optimzed state, f will either be zero or close to zero.
%/.14811266...e-002 is the value of the total shaking KE for 2 cyl in
Yoperation with the crankshaft bal anced for both Cyl A and B in operation

% KE(AB, S)). 6.36825806...e-001 is the value of the total KE for only Cyl A
% n operation with the crankshaft bal anced for both Cyl A and B in operation
% KE(A, 2)).
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