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The forces from the engine firings and the rotational motion of a crankshaft cause excitations

in vehicle engines. In conventional in-line engines, crank angles might be evenly assigned by

dividing 360 degrees by the number of cylinders. In this paper, allocation of crank angles was

carried out in two different ways, (1) to minimize the moments excited in an engine and (2) to

minimize the forces transmitted to the engine mounts. The forces and moments due to gas

pressure and reciprocating parts in the engine were formulated, and a computer program to

predict the excitation forces and moments was developed. The developed program was applied

to a four-stroke seven-cylinder engine to reduce the first- and the second- order moments

produced by the engine. Then, it was also applied to minimize the forces transmitted to the

engine mounts. The optimized crank angles, in contrast to those of conventional engines, were

not evenly distributed. The moments and forces were reduced with the optimized crank angles.

Key Words : Optimal Design, Crank angles, Engine Excitation Forces,
The First Order Moment, The Second Order Moment

1. Introduction

The two main sources of engine excitations are
variation of gas pressure in a cylinder and fluc-
tuating forces from reciprocating parts. These
excitations are transmitted to the body and thus
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result in structure-borne vibrations and noises.
One of the active ways to reduce these vibrations
and noises is to reduce engine excitations by as-
signing crank angles properly or to reduce the
masses of the reciprocating parts. A passive way is
to design engine mounts that reduce transmitted
forces.

As stated, a passive way to reduce these vibra-
tions is usage of specially designed engine mounts.
An optimization technique has also been applied
to minimize the transmission of engine vibration
(Pasricha, 1979). The optimum values of a ma-
rine engine mount have been selected to reduce
the transmissibility of engine vibration to the



Optimization of Crank Angles to Reduce Excitation Forces and Moments in Engines 273

chassis (Snyman, 1995).

A fluid-structure interaction FEA (finite ele-
ment analysis) and nonlinear FEA technology
have been used to estimate system parameters
(Shangguan, 2004).

It has also been reported that the cyclic varia-
tion of the polar moments of inertia of recipro-
cating parts causes a periodic variation of fre-
quencies and amplitudes in reciprocating engine
systems. Large variations in inertial torques in-
vokes secondary resonance in the torsional vibra-
tion of marine diesel engines (Paricha, 1976).

To reduce the excitations from gas pressure,
forces from gas pressure variation should be in-
cluded in analysis, and the motion of the slider
crank also should be derived as a function of gas
pressure (Denman, 1991). For a precise investi-
gation of gas pressure, a model relating cylinder
combustion pressure to the angular velocity of the
crankshaft has been presented (Connolly, 1994).
As a result, the governing nonlinear differential
equation for the pressure process is converted to
a linear differential equation by changing the
independent variable from time to crank angles.

Another active strategy to reduce these vibra-
tions is to minimize the noise and vibration in
the engine itself. The optimization technique has
been directly applied to reduce the noise and
vibration optimization of an eleven-cylinder ma-
rine engine (Jacobsen, 1995). The target function
was chosen to minimize the external first- and
second-order moments. To analyze and optimize
these moments, a fundamental derivation of the
engine excitation forces and moments was de-
rived. The firing order of a four-stroke nine-
cylinder marine engine was studied (Ronnedal,
2003). Among 430,320 possible firing order com-
binations, 28 combinations were chosen to pre-
serve the first- and the second-order moments
within the prescribed value. In that research, the
crank angle allocation was not included.

In addition to engine optimization, there had
been researches for the optimization of crank-
shaft. Dubensky (2002) reviewed the process de-
sign of the crankshaft and proposed an evolving
flow chart of tasks at the concept stage of crank-
shaft design. Kim (2003) treated a small com-

pressor used for refrigerator to determine the cou-
pled dynamic behavior of the piston and the crank-
shaft. Suh (2003) proposed a simplified model of
the crankshaft in the large marine engine, and
Cho (1995) studied an optimization of the crank-
shaft in a in-line 6-cylinder diesel engine.

In the present study, crank angles were first
optimized to reduce the maximum values of the
first- and the second-order moments. Then, the
crank angles were also optimized to minimize the
forces transmitted to the engine moments. With
the optimized crank angles, which were not even-
ly distributed, the engine moments were much
reduced. As described in Section 2, the exerted
forces and moments of a single cylinder were de-
rived, and in Section 3, the total exertion force on
the engine is explained. In Section 4, the opti-
mization process is explained as well as the opti-
mized result minimizing the excitation moments.
In Section 5, the optimized results minimizing
the forces transmitted to the engine mounts are
explained, in Section 6, conclusions are provided.

2. Forces and Moments
in a Single Cylinder

2.1 Forces in translational and rotational
directions
Figure 1 shows a slider crank mechanism and
the direction of the coordinates in one cylinder.
When the mass of the crank #2c and the mass
of the connecting rod #2co, are assumed to be

Fig. 1 Applied forces and moments at an engine
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concentrated at the center of mass, the reciproca-
ting mass 72, and the rotating mass 7, of the
mechanism can be written as

Mrec= mp—i-( ? > Micon (1)

Mror = (%) MCrk+< 1 —%) Mecon (2)

where m, is the mass of the piston, b and ¢ are
the distances from the joints to the centers of mass
of the crank and the connecting rod, respectively,
as shown in Fig. I.

The reaction forces of one cylinder are shown
in Fig. 2. The vertical force P is combined with
the piston force from combustion and the force
from the reciprocating part. This force P is re-
solved into the force S in the connecting rod and
into the force G in the horizontal direction. The
transmitted force S exerts two forces on the crank,
the radial force R and the tangential force T, re-
spectively. The distance h in Fig. 2 can be written
as

h=r<cos ¢9+%cos ¢> (3)

where # and / are the radius of the crank and
the length of the connecting rod, respectively.
And 0 is the angle between the crank and the

Fig. 2 Applied forces at a cylinder

vertical axis, while ¢ is the angle between the
connecting rod and the vertical line. Defining A=
7/l and expanding the above equation with a
Taylor series, the distance can be rewritten as

cos @+ ao+asz cos 260 > @)

h:7<+a4 cos 40+ as cos 60+

are the following coefficients :

SIRC

= %[ e ] (6)

where ao, az, as, "+

aoZ%[l — (R At

ot dere] o
] ®)

The reciprocating inertial force can be derived

[ 1 61
a6= 7[512’1

as

Frec mrech
cos 6+4as cos 20
+16ascos 40 |é;

+36as cos 66 +---

(9)

- 7'(()2 Mrec

The rotational inertial forces are combined
with the rotational mass component and the counter
mass component as

Frot = <Fmt,z+ch,z> gz‘l' (Fmt,y+ch,y> éy
=[Mrere? sin 0+ merawa® sin(0+y)]é, (10)
+ [ Mrorr @ cos 0+ Mmewrewe® cos(0+ )],

where 7mcw and 7cw represent the counter mass
and the distance from the rotational center to the
counter mass, respectively. The angle ¥ is the
angle between the crank and the counter weight.

2.2 Gas force, guide force, and guide mo-
ment
The vertical force due to combustion depends
on the gas pressure in the cylinder. Fig. 3 shows
a typical gas pressure of a four-stroke engine,
which completes one cycle in two revolutions.
The pressure is measured from 0°, which states
the position of TDC (top dead center). Then,
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Fig. 3 Gas pressure in a cylinder
the gas forces can be written as
Fgas:Fgasgz

2
= ”Z’ %}(ck cos k0+dy sin k0) &

(1)

where ¢, and d, are Fourier constants represent-
ing the gas pressure shown in Fig. 3, and k% are
0.5, 1.0, 1.5, ---

Due to the y-directional component of the

for four stroke engines.

force in the connecting rod, the guide force G
shown in Fig. 2 can be calculated as

Fauae=G
=Ptan ¢
:(Fgas+Frec)tan¢ Gy (12)
:(Fgas‘l_Frec)Mé)y

J1—2sin® 6

where the force P is the vertical force, as shown
in Fig. 2.

Since the same magnitude of force is acting on
the rotational center of the crank, the summation
of this guide force is zero. But it generates the
guide moment about the rotational center of the
crank as

Mguzde hXG

=hxSsin ¢
=7xT
=y-Ssin(8+¢) éx

3. Forces and Moments
in an Engine

3.1 Total forces produced by a cylinder

The forces produced by a cylinder are trans-
ferred to the engine with three directional forces
and moments. The translational forces can be easi-
ly represented by adding all force terms as

Fx 0
Fi= Fy i= ﬁ(Frotﬁ),y (14)
F: (Frec+Frot>,z i

where the summation of the guide force is zero.

The moments produced by the ith cylinder
forces can be determined by the cross products of
the distance vectors and force vectors as

Mx
M:‘: My
M (15)
<7’zrec><Fzrec+7’zmt XF:rot)
+7’lcw><cmw+Mzguzde

where 7 rec, 7irot, and 7icw are the vectors from
the centers of the reciprocating part, the rotating
part, the counter weight, respectively.

Xi
Fi,rec: Vi ( 1 6)

2zt 7 cos (Bt ¢:) +1V1—(Asin(fi+¢:))?

Xi
y:+7 sin 6; (17)
zi+ 7 cos 6;

by p—
7 i,rot =

Xi
yi+7’cw Sil’l(ﬁi+ wz) (18)
zZi+ vewsin (0;+ )

e —
7 icw=

The total forces and moments from a multi-
cylinder engine can be obtained by summing all
the components.

F=

||M

SF
(19)
M.

M=

||M

Figure 4 shows the configuration of an in-line
engine and the associatedmoments. As shown in
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the Fig., the rotational force ﬁrot acting on the
centerline of the crankshaft generates forces and
the first-order moment.

The reciprocating force Free exerts the first-
order moment and the second-order moment. The
guide force ﬁguide exerts the H-type guide mo-
ment, which is also shown in Fig. 4. For the H-

1 H-

Force ’
1st order 2gtorder  guide
mol moment moment

Mya  Mya Mxi
Fig. 4 Forces and moments at a multi-cylinder
engine

Table 1 Specifications of an engine used for the
force calculation

rpm 750 [rpm]
firing order 1-6-3-4-5-2-7
crank radius, 7 0.16 [m]
con.rod length, / 0.64 [m]
con.rod mass, #con 93.657 [kg]
eccce(r)lrtl;riz(ierrlll;f, b 02051 [m]
crank tZka mass, 22719 [ke]
ol loogth ¢ 00802 [m]
Piston diameter 0.28 [m]
piston mass 60.452 [kg]
counterweight mass 181.478 [kg]
counterweight length 0.1831 [m]
counterweight phase 180°
crank position, (1.44,0,0), (0.96,0,0), (0.48,0,0),
(e y2. 20 (0,0,0), (—0.48,0,0),
(—0.96,0,0), (—1.44,0,0)

type guide moment, the directions of the forces at
the guide plane and the forces at the crankshaft
are opposite directions at each plane.

3.2 Calculation of forces and moments

To evaluate the derived forces and moments for
the engine, a typical seven- cylinder engine was
selected. The specifications of the selected engine
are shown in Table 1.

From the derived equations for the forces and
moments, the excitation moments are calculated
from the derived formula. The sum of vertical
moment M,;+ M, and the horizontal moment
M shown in Fig. 5, are compared with the manu-
factures’ specifications in Table 2. Since the en-
gine speed was assigned to 750 rpm, the first—
order frequency in Table 2 is 12.5 Hz.

As shown in Table 2, two values are very close.
Thus, the developed computer program to calcu-

I\I'I_r vertical moment
20000 - —— M_ horizontal moment

15000 =
10000 +
5000

5000 =

~10000

-15000 o

N
<
<

/]

] ’ 100 ’ 200 30‘0 ’ 460 ’ 60O ' 00 700
Angle[deg]

Fig. 5 Excitation moments at an engine calculated

by the derived formula

Table 2 Comparison of calculated moments versus
manufacturer’s specifications

Magnitude [kNm]
Order | Moments ]E:;] Estimated |Manufactures’

value spec.

1.0 M. 12.5 3.89 3.8

1.0 M, 12.5 7.56 7.6

2.0 M, 25.0 10.95 11

35 | (Mx:), | 4375 27.96 28.7

70 | (Mx:) | 875 4.82 4.4

(%) All Forces [kN] 0.0 0.0




Optimization of Crank Angles to Reduce Excitation Forces and Moments in Engines 277

late the forces and moments was validated.

4. Optimal Crank Angles
to Minimize Moments

Since the forces and moments exerted on an
engine due to the reciprocating part and gas pres-
sure exert high-order excitation forces, these forces
and moments must be reduced. As described in
Section 4 and Section 5 employing the optimiza-
tion process, the crank angles were relocated to
reduce these exerting forces and moments on a
seven-cylinder engine.

4.1 Objective function, design variables, and
constraints
For the optimization, the following objective
function was chosen to minimize the exerted mo-
ments on the engine, preserving the summation of
exerting forces as zero.

b
F= (B0 ) a0t 0)

where p is the order selected by the designer.
And the My,;, My, My, and M are the ith-order
guide moment, the first-order and the second-
order moments in the vertical direction, and the
horizontal moment, respectively, as shown in Fig.
4.

The design variables were selected according
to the crank angles of the seven cylinders. To
preserve the non-equivalent forces acting on the
engine as zero, the following constraints were se-
lected :

7 7

Zisin 6;=0, Zicos 6:=0,

7 7 (21)
Z}sin 26;=0, and gcos 20:=0

4.2 Optimization process

When the crank angle for the first cylinder
was assigned as zero, the design variables for
the seven-cylinder engine became six. Since there
were the four equality constraint equations of
(21) between these six design variables, the in-
dependent variables were just two. If the first

angle 6, is set to zero, the second angle 6 and the
third angle @5 are assigned as independent design
variables ; then, the other four angles 6, 6, Gs,
and @ can be determined by nonlinear constraint
equations, which can be solved with the Newton-
Raphson nonlinear equation solver (Paricha and
Carnegie, 1976).

Since the dependent design variables 64, 6, Gs,
and @ could be calculated from the indepen-
dent design variables & and 6, the optimization
process could be changed to an optimization with-
out constraint equations. For this unconstrained
minimization problem, the steepest decent meth-
od, with golden section search, was employed
(Paricha and Carnegie, 1979).

The following process was used for the uncon-
strained minimization technique.

Step 1 : Define the objective function, assign the
convergence parameter, and calculate the first
order derivatives.

Objective function

T= (B0 )+ 35+ 03 2

and the first-order derivatives 9 /96, and 9] /06s.
The convergence parameter € may be assigned by
the designer ; the value of 0.01 was used in this
research.

Step 2: Initialize the design variables and as-
sign the iteration count £=0. Input the initial
values of the design variable 8;, i=1,2,---,7. The
initial guess for the design variables may be
assigned by Equal distribution.

Step 3 : Start iteration to find new values for &
and 6s. Using the derivatives, find the new values
of 6 and & by the search technique

<02k“>_<02k>_ [8]/302}’2
o)\ ) “Lar/a6,

where the step size a, is determined by golden
section search (Paricha and Carnegie, 1979). When
the increments in variables are smaller than the
criterion, stop. Otherwise, repeat the iteration un-

til the prescribed criterion is satisfied. When the
new variables 6 and & are obtained, then calculate
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Table 3 Initial and optimized crank angles mini-
mizing exerted moments

Cylinder initial crank optimized crank

No. angle angle

1 0.0° 0.0°

2 257.1° 258.5°
3 102.9° 103.9°
4 154.3° 158.4°
5 205.7° 209.5°
6 51.4° 57.6°

7 308.6° 314.6°

Table 4 Moments on the engine

Amplitude[kNm]
Order | Moments IEIr_;:;q] before after
optimized | optimized
1.0 M, 12.5 3.89 1.1
1.0 M 12.5 0.5E-3 2.68E-2
1.0 My, 12.5 7.56 2.1
2.0 M, 25.0 10.95 9.94
3.5 M 43.75 27.96 27.7
7.0 My 87.5 4.82 4.63

the dependent design variables &y, 6s,:-, &.

4.3 Results from moments optimization

Table 3 shows the optimized crank angles, cal-
culated in this research, which show changes from
the initial values. Although the initial values are
evenly distributed, the optimized values are un-
evenly allocated. In Table 4, the moments before
and after the optimization are shown. With the
optimized values, the maximum reduction was
72% in the vertical moment, but there were almost
no changes in the guide moments. The reason was
that the guide moment came mainly from the gas
forces, which could not be reduced by the crank
angles.

Figures 6~8 show the moment variations ac-
cording to the crank angles. The total vertical
moment M, in Fig. 6 and the horizontal moment
M in Fig. 7 are much reduced. But the amplitude
in the guide moment M, in Fig. 8, which is also
shown in Table 4, shows almost no changes.

Jeong-Geun Park, Weui-Bong Jeong, Young-Soo Seo and Wan-Suk Yoo

— after optimization
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Mament[Nm]
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400

Angle[deg]

Fig. 6 Comparison of the total vertical moment
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Fig. 7 Comparison of the horizontal moment M,
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Fig. 8 Comparison of the guide moment Mx,:

5. Optimal Crank Angles to
Minimize Transmitted Forces

The moments and forces generated by an en-
gine exert vibrations in a vehicle chassis or ma-
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rine hull. Reducing these forces transmitted through
mounts is also required to reduce the vibration
of the vehicle chassis or the marine hull. As de-
scribed in this section, the optimization program
discussed in Section 4 was also applied to the
optimal design of crank angles to minimize the
transmitted forces. The same engine as shown in
Table 1 was used, and a schematic diagram of the
engine-mount system is shown in Fig. 9. The
positions of the mounts with respect to the mass
center of the engine are given in Table 5. The
stiffness values of four equivalent engine mounts
were obtained from the manufacturer’s company
as k,=4,850 kN/m in the longitudinal direction
and kx=ky=600 kN/m in the transverse direc-
tion.

Assuming the engine to be rigid, the motion of
the engine with six degrees of freedom can be cal-
culated from the exerted moments and forces. The
forces transmitted through the mounts can also be
calculated from the behavior of the engine. Fig.
10 shows the forces transmitted through mount /&
when crank angles are evenly distributed. The
magnitudes of the forces transmitted through en-
gine mounts ke, k3, and %, were similar to that of

Fig. 9 Schematic diagram of an engine-mount sys-

mount /.

The cost function minimizing the transmitted
forces was chosen as the following Equation (22),
which is different from Equation (20);

4
J= Zl(Razc,i+R§,i+R§,i) (22)

Here Ry, Ry;: and R:; denote the maximum
values of the x, vy, and z components of the forces
transmitted through mount %;. The other opti-
mization processes are the same as those in Sec-
tion 4.

Table 6 shows the optimized crank angles,
which are different from both the initial values
and the moment-minimized values. Fig. 11 shows
the force transmitted through mount after the
force optimization. The maximum forces before

3000 =

2000 =

A
1000 s
\

Force [N]

o ) 100 ) 260 ) 3(‘)0 ) 400 500 00 ) 700
Angle [Deg]

Fig. 10 Forces transmitted through mount 4 with

initial crank angles

Table 6 Initial and optimized crank angles mini-
mizing the transmitted forces

tem Cylinder Initial crank Optimized crank
No. angle angle
Table 5 Positions of mounts with respect to the 1 0.0° 0.0°
mass center of the engine 2 257.1° 257.4°
Mount No. Coordinates [m] 3 102.9° 104.7°
2 (182, 055 —1.1) 4 154.3° 156.6°
Fe2 (—1.82, 055 —1.1) 5 205.7° 210.1°
Fes (—1.82, —0.55, —1.1) 6 51.4° 56.1°
s (182, —0.55, —1.1) 7 308.6° 314.1°
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Table 7 Maximum forces transmitted through

mounts
Maximum forces [N]
Components — —
Before optimized | After optimized
Fx 148.0 17.4
F, 489.6 57.4
F; 2421.3 1582.2
_F.
2000 o ... F
1 ¥
1500 - "\l . f‘\ - _-Fz
i\ " i & Y
169 il ) i % g
] \ [ HE [
- 5o [ HE s i
Z i 1 \ \ i \ i
™ o t 1 1 o daas, 3 M
S T t R ) . SR
5 v v vl Vo
W 504 x \ 1 b ] .
\ | . i \ . \ 1
1 v i v ! A
-0004 L N \ H - !
{1\ o \; \J
1500 - b )
o 1 aﬂ 2(‘)” ﬁ(lm 460 5|;ﬂ ﬁ(l)n ?tl?()
Angle [Deg]

Fig. 11 Forces transmitted through mount %, with
the optimized crank angles

and after the optimization are shown in Table 7.
The reduction was 88% in the transverse direction
and 35% in the longitudinal direction.

6. Conclusions

As described in this paper, the forces and mo-
ments exerted in an engine were formulated, and
the results were verified by comparing the derived
results with the manufacturer’s specifications. Af-
ter verifying the derived formula, a computer
program was developed to optimize the exerted
moments and transmitted forces. In the optimiza-
tion process for crank angles in a seven-cylinder
parallel engine, the crank angles were selected
as design variables. The four equality constraint
equations preserving the acting forces as zero
were used to select two independent design vari-
ables.

Two kinds of optimization were carried out
with the developed program in allocating crank
angles to minimize moments or forces. After the

optimization process, the evenly distributed crank
angles were changed to uneven crank angles.
With the optimized crank angles minimizing the
exerting moments, the maximum reduction in a
vertical moment was 72%, but the reduction of the
guide moment was small because it came from the
gas pressure in the cylinders. With the optimized
crank angles minimizing the transmitted forces
through the mounts, the reduction was 88% in
the transverse components and 35% in the lon-
gitudinal components.

Although this study used only a marine engine,
the optimization process could be applied to au-
tomobile engines in further research.
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