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ABSTRACT

Optimization was considered from three perspectives:
minimum grain loss, minimum damaged grain loss, and
minimum power consumption. Factors affecting combine
performance were classified as control, adjustable, and
environmental. Control and adjustable factors were
optimized by the parameter design developed by Taguchi.
Environmental factors were used as input for
optimization. Optimum range for control and adjustable
factors are presented. Parameter design was adequate to
obtain the optimum levels of control factors and
optimum range of adjustable factors.
Key Word: Optimization, Combine, Wheat, Taguchi,
Parameter Design, Simulation

INTRODUCTION

Many engineers have been concerned with the
performance characteristics of combines and how design
alternatives will change the machine performance (Goss,
et al., 1958). However, performance evaluation of a
combine is complicated by machine and crop variables.
The comparisons of the performance of combines in
different crop conditions are nearly impossible without
fully understanding the relationship between variables.
A physically based combine simulation model can help
engineers evaluate machine performance prior to full
prototype development. Unfortunately modern combines
perform many functions at the same time so that a
simple optimization analysis is not possible.

Off-line quality engineering technique can be
introduced to solve optimization problems. The factors
that cause variability in product guality functions are
called factors of noise. There are three main types of
noise: external noise, internal noise, and unit-to-unit
noise (Taguchi 1986). Assuring functional quality means
finding techniques to reduce the effect of these three
types of noise. The most important technique is optimal
design which is an aspect of off-line gquality control.
A design quality assurance can be developed in three
steps: system design, parameter design, and tolerance
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design. System design is the step in which one surveys
the pertinent technology and asks, for example, what
kind of combine cylinder type could be used to harvest
corn. After the system design is settled, the optimum
levels of the individual system parameters have to be
determined. When the goal is to design a product with
high stability and reliability, parameter design is the
most important step. In parameter design we find the
combination of parameter levels is sought that reduces
the effect not just of internal noise, but of all
noise. It is the central step in design research that
produces high reliability under a wide range of
conditions. After the system has been designed and the
nominal mid-values of its parameters determined, the
next step is to set the tolerances on the parameters.
Environmental factors must be considered together with
the system parameters. Narrow tolerances should be
given to the noise factors with the greatest influence.
Due to added expense narrow tolerances should be the
weapon of last resort, to be used only when parameter
design gives insufficient results.

The Robust Design method of quality engineering
has application for complicated optimization problems
with many variables such as the combine. Robust Design
makes heavy use of orthogonal arrays proposed by Rao
(Phadke, 1989) for planning experiments. Taguchi
developed the foundations of Robust Design in the early
1960s. The method acts as an "amplifier"; it enables an
engineer to generate information needed for decision-
making with a relatively small experimental effort.
Robust Design uses many ideas from statistical
experimental design and adds a new dimension to it by
explicitly addressing two major concerns faced by all
product and process designers (Phadke, 1989 and Taguchi
1986): a) Performance variation resulting from the
diverse field environments under customer usage. b)
Obtaining target performance levels at minimum cost.

The fundamental principle of Robust Design is to
improve the quality of a product by minimizing the
effect of the causes of variation without eliminating
the causes. This objective is achieved by optimizing
the product and process designs to make the performance
minimally sensitive to the various causes of variation,
a process called parameter design. For the improvement
of combine performance the cause of variation of grain
losses and power consumption should be understood using
a cause and effect diagram (Grant and Leaven Worth,
1988) . Control and noise factors of combine performance
can also be classified according to the grain losses
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and power consumption.

The objective of this study was to attempt to
optimize the design and operations of a combine using
Robust statistical techniques and the simulation model.

METHOD AND RESULTS

There are as many as twenty two parameters that
can affect combine performance. It is very difficult to
find optimum levels for each parameter by a trial and
error method because of the large number of parameters
and also the many ways to define combine performance.
Even if performance was defined only one way and if
only three levels of each variable were used, an
enormous number of combinations exist. A full factorial
exyeriment for the combine performance would require
322 or about 3.1 * 100 test runs or combinations.

Combine performance can be evaluated by grain
quality like the amount of grain lost and grain
damaged, and power consumption. Sometimes one factor
shows an opposite response to the other two
characteristics. For example, as concave length
increases, quantity loss decreases, but power
consumption increases.

The factors affecting combine performance can be
classified in three categories: control, adjustable,
and environmental factors. The control factors are set
by the manufacturer. The adjustable factors can be
changed by the operator during harvesting operations.
The environmental factors can be considered as noise
factors, the sensitivity of which should be minimized
by machine design.

Parameter design was applied to a combine
simulation model to find the optimum levels of control
factors and optimum ranges of adjustable factors. The
Texas Tech Combine Simulation program(Kim, 1990) was
used for the combine simulation model.

1. Parameter Design for Grain Quality

Grain quality is sensitive to feed rate variation
in the combine harvester. However, the feed rate cannot
be controlled exactly or eliminated in a combine
operation. Furthermore feed rate can change frequently
and rapidly because of unexpected variation in plant
height, cutterbar slope, grain yield, material
distribution in the field, and so on. The input
material to the straw walker and cleaning shoe also
changes according to the feed rate variation and the
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unpredictable variation of operating conditions in the
up-stream processes. Therefore, all the processes of
the combine harvester are exposed to large feed rate
variations. Previous experimental approaches,
considering all factors as causes of variation, are not
adequate for explaining factors such as feed rate.
Therefore, in this research, a different approach
entitled parameter design by Taguchi (Ross, 1988) was
used to improve the quality of grain and power
consumption in a combine. Parameter design was used
without controlling or eliminating causes of variation.
In other words, certain parameters of the combine
process can be set to make the performance less
sensitive to causes of variation. Signal to noise (S/N)
ratios and other summary statistics (Phadke, 1989) are
computed for each parameter design. In robust design
analysis, the primary focus is on maximizing the S/N
ratio.

2. Optimum Levels of Control Factors

1) Control and Noise Factors

In this study, eleven control factors were
selected for optimization. These factors and their
three levels of variations are listed in Table 1. Level
2 is the starting level chosen from the references
(Kepner, et al., 1982 and Cooper 1966 and Griffin,
1973) . Level 1 is one-half the starting level, and
level 3 is two times the starting level for all factors
except E, F, G, and H factors. A wide range of values
were used to increase the chance of capturing the
nonlinearity of the relationship between the control
factors and environmental factors. Tachugi has
described a family of fractional factorial experimental
matrices which can be utilized in various situations.
In this situation, one possible matrix is the twenty-
seven trial orthogonal array (OA), which is labeled the
L,, matrix. The L,, orthogonal array (OA) is a good
choice for studying eleven factors at three levels
each. The L,; OA is called the control orthogonal array
(Fig.1). Obviously, many interactions are confounded
with the main effects in the column headings. This is
the major compromise of using fractional factorial
experiments to reduce the number of tests, some
information must be surrendered. The linear graph for a
L,; helps establish the factor assignment to each
column. As factors are added to a given OA, they should
be placed in columns in which the lowest-order
interaction is still of higher order than other
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columns. Taguchi views interactions as being
unimportant because to obtain the interactive effect,
the experimenter must control two main factors (Ross,
1988) . Since one or more main effects usually need to
be controlled for a product or process anyway, the
interaction causes no additional complications. The
experimenter needs to consider the interaction only to
be able to obtain the desired average response

(Ross, 1988) .

The noise (environmental) factors such as yield,
plant height, and cutterbar slope are the primary noise
factors for a combine harvester. The levels for the
noise factors are shown in Table 2. Since there were
three factors with three levels, the Ly OA was
appropriate (Fig. 2). The Ly OA is called the noise
orthogonal array.

2) Quality Characteristics and S/N Ratio

The grain loss, damaged grain, and power
consumption were considered as quality characteristics
which are continuous and nonnegative. They can take any
value from 0 to «. Their most desired value is zero.
The S/N ratio was evaluated by using the procedure of a
smaller-the-better type problem. The goal is to simply
minimize the quality loss (Phadke, 1989). The quality
loss is calculated with the following equation:

. (1)

0=k [ Y7

Sie

1=1

where Q = quality loss,
k ; constant, and
Y,;“= quality characteristic.
Minimizing Q is equivalent to maximizing n defined by
the following equation:
| (2)
= -10 lo = Y?
M g | = g; il

where 1 = S/N ratio.
In this case the signal is constant, namely to make the

quality characteristic equal to zero. Therefore the S/N
ratio measures merely the effect of noise.

3) Test and Results

Optimal levels of control factors were found by
identifying the S/N ratio of the significant control
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factors of the system. The environmental factors in the
noise matrix were changed when going from one row to
the next row in the experiment. During the experiment,
level 2 of the adjustable factors was selected based on
the average combine operating condition in the field.
Each row of the control orthogonal array represents a
different trial design. For each trial design, the S/N
ratio was evaluated by using Equation 2. The simulation
algorithm is graphically displayed in Fig. 3.

The control orthogonal array (Fig. 1) determined
the control factor settings using Table 1. The noise
orthogonal array given in Fig. 2 together with Table 2
determined the 9 test condition that simulate the
effect of the noise factors. For each row of the
control factor setting, the combine simulation model
was used to calculate the S/N ratio and the mean value
of the grain loss, damaged grain, and power consumption
for the 9 test conditions. The factor effects for
quality characteristics and the respective ANOVA were
calculated. The factor effects are displayed
graphically in Fig. 4. Different levels of the same
factor could be optimal for different quality
characteristics. When different characteristics
suggested different optimum levels, an appropriate
trade-off was made using the quantitative knowledge of
the effects.

Based on optimum levels of the control factors,
sieve amplitude was found to have the largest effect on
grain loss. By reducing the amplitude from 6 cm to 2.4
cm, the S/N ratio was improved by 27.6 db, which is
equivalent to a 20-fold reduction in root mean square
grain loss. The effects of sieve amplitude on damaged
grain loss and power consumption are negligible.
Cylinder diameter also had a large effect on damaged
grain loss. Reducing the diameter from 1 m to 0.25 m
improved S/N ratio by 53.4 db (a 467-fold reduction in
the root mean square damaged grain loss). A conflict
between factor effects occurred on concave length. By
increasing the concave length from 0.15 to 0.3 m, the
S/N ratio of grain loss was improved 6.3 dB (a 2-fold
reduction in root mean square), but the S/N ratio of
power consumption was decreased 2.4 dB (a 1.3-fold
increase in root mean square). There is, thus, a trade-
off to be made between grain loss and power
consumption. In this study, since grain loss was the
key quality problem, concave length 0.3 m was chosen as
an optimum level. The optimum levels of control factors
are shown in Table 3 based on Fig. 4. The optimum
combination chosen was A;B3C,D,E,F;G H;I,J5K,. Using the
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previous calculation procedure, the S/N ratio for the
optimum combination was improved 47.6 dB for grain
loss, 45 dB for damaged grain loss, and 2.5 dB for
power consumption (Table 4). The improvement is
measured relative to the mid-values originally selected
from the literature.

3. Optimum Range of Adjustable Factors

An optimum range of adjustable factor was
determined by studying the robust characteristics of
performance relative to the variation of the adjustable
factors. During field operations, a nominal value of an
adjustable factor is chosen by an operator. But, due to
environmental variations, an optimum value can not be
obtained exactly in every setting. Sometimes, the
actual setting value is a little lower than nominal and
sometimes a little higher. Which nominal is best to
reduce sensitivity to quality loss from combine
operation is the key to defining an optimum range for
an adjustable factor. The nonlinear performance
provides the opportunity to make the performance of
combine process robust against noise factors.

1) Adjustable and Noise Factors

With eight adjustable factors at three levels
(Table 5), an L,; OA was used for the three level inner
array with all of the primes indicating the nominal
values for the factors to be investigated. As the noise
factors, the outer three level array was used to
designate the variation around the nominal of the
adjustable factors; level 1 was 5 percent below the
nominal; level 2 was the actual nominal; and level 3
was 5 percent above the nominal (Table 6). The
inner/outer array arrangement is as shown in Fig. 5.

2) Quality Characteristics and S/N Ratio
The operator adjustable factors can be optimized
with the nominal-the-best type analysis. For these
problems, scaling factors that can serve as adjustment
factors are found for the system of variables. The
objective function (Phadke 1989) to be used is

2 (3)
n =10 log,, -(l‘:—z
1 n
where p = = Y,, and
nf=
n
2. _ 1 - )2
0%s —— (Y; - p)2.
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3) Test and Results

Values of quality loss and power consumption were
calculated for each of the 729 possible combination of
inner and outer arrays. The values for the test of
first row in the inner array and first row in the outer
array were obtained by multiplication of values in the
same columns of each array. The values are as follow:
A=0.095, B=1.9, C=.475, D=760, E=199.5, F=4.75, G=19,
and H=161.5.

The S/N ratio was calculated to provide a measure
of the variation caused by the noise levels. The ANOVA
tables for S/N ratio and mean value of each quality
characteristic are calculated. The effects of the
various factors on S/N ratio are displayed for each of
the three quality characteristics, respectively, in
Fig. 6. The 2-sigma confidence limits are also shown in
Fig. 6. A moderate improvement of S/N ratio is possible
by increasing sieve frequency from 270 to 330 rpm and
decreasing sieve louver-lip angle from 40° to 30°. For
power consumption, the improvement of S/N ratio was
possible by reducing combine machine speed from 4 to 2
km/hr and cylinder speed from 1000 to 800 rpm, and by
increasing concave clearance from 0.7 to 1 cm. For
damaged grain loss, the S/N ratio was improved by
reducing the cylinder speed from 1000 to 800 rpm. The
other factors have a negligible effect, because the
adjustable factors have small effect on grain damage
function except cylinder speed. The results of the
analysis of the average grain loss and power
consumption are shown in Fig. 7. Cut height and air
velocity in the sieve have a great effect on the grain
loss, but their effects on the S/N ratio are not large.
These two factors could be used to adjust the grain
loss. Sieve frequency and sieve louver-lip angle also
have a large effect on the grain loss, but there is
also a high variability associated with noise at the
optimum range. For these two adjustable factors, a
trade-off was considered for moderate sensitivity to
noise and grain loss. Machine speed, concave clearance,
and cylinder speed have an effect on the power
consumption. Low sensitivity to the noise was shown at
their optimum setting. Optimum ranges for adjustable
factors are presented in Table 7.

CONCLUSION
The results obtained through the previously

described optimization process seem reasonable. However
the preceding optimization of a wheat harvesting must
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be viewed as a first-cut optimization. A sequence of
follow-up experiments should be designed and run in
both the simulation and physical domains. In any
development activity, it is highly desirable that the
conclusions continue to be valid when we advance to a
new generation of technology. In the optimization of
wheat harvest, this means that having developed the
process in the simulation domain, we would want it to
be valid when we change to the physical domain of
combine operation factors. It appears that the
parameter design used to optimize the system is a
powerful tool for systems as complex as a combine. The
combination of a physically based simulation program
and the robust optimization procedure appears to
provide a unique and possibly revolutionary tool for
combine design.
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Table 1.

A. Cut width

(m}

Control factors and their lcvels for optisum Table 4 Summarized results ot verification
level test experiment
Factor Levels Starting condition J optimum E Improvement
1 2 bl SOV -
e e e e Grain t 6.78 | 0.027
2 ) 8 loss . i
.48 H 402 &7k
B. Cylinder width (m) 0.y ) 2 !
Damaged Y 0.97 ! 0.00%
C. Concave length (m; o3 Gy .4 grain loss L e
n,dB 9.8 | Se.e i d4u.u
D. Cylinder dia. (m) 0,26 [ 1.0 e . e 4 e e .
Fower Y 183 1.38 i
E. Cylinder bar [2 2 10 c ption +
%, 4B 4.1 6.n | 2.4
F. tieve amplitude (cm; .4 1t e = s =
G. Sieve inclination -5 [ 5
(deg. )
H. Sieve projection Ry 4s 60
angle (deg.)
1. Straw walker .5 5 ic
amplitude (cm)
. Straw walker width 0.5 1 2
K. Straw walker length 1.2% Z.h H

(m)

Table 5. Adjustable factors and thei: levels for
Table 2. Noise factors and their levels optimum range
Factor Lavelc Factor (Inner) , Level
2 3
1 2 3 [ I - e
A. Yield (bu/acre) 25 s s A. cut height (m) 0.1 0.7 0.3
2
B. Plant height (m) 0.6 0.8 1.0 B. Machine spesd (ka/hr) 2 . ¢
C. - i
. Cutterbar slops {3 O v.e 1.2 Concave clearance (cm) o5 1ed
D. Cylinder speed (rpm) 8060 1000 r200
E. Sieve frequancy (rpu) 210 270 310
F Alr velocity (w/s) S 7 &
G. Louver-lip angle (°*) 20 30 &
H. Straw walker frequency 17¢ 210 250
(rpa)}
Table 3. Optimum levei of control factors Table 6. Noise factors and their levels
Factor Level Value
B e e - - Factor (Juter) lLavel
cut width (m) 1 2 1 3 3
B. Cylinder width (=) 2 N 1. Cut height (m) -5 % nowinal 5t
¢, Concave lenath (m} i w2 2. Machine speed (km/hr} -5 % nominal 5t
D. Cylinder dia. (m) H 0.25 3. Concave clsarance (cs) -5 ¥ nominal 5%
E. Cylinder bar T L3 4. Cylinder apesed (rpm} -5 % nominal 5t
F. Sieve amplitude {cm) i 2.4 5. Slave frequency (rps) -5 3 nominal 51
G. Sieve inclination 1 -t 6. Air velocity (m/s) -5 % nominal £
{deg.)
H. Sieve projection 1 30 !. Louver-lip angle (*} -5 % nosinal 5%
angle (deg.;
I. Straw walker K 1 #, Straw walker frequency -5t nomlnal 5t
amplitude (cm) (rps}
J. Straw walker width 3 2
(®
K. Straw walker lenzih z 2.9

{m)
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Table 7.

Optimum ranges

of adjustable factors

Adjustable factor Ranges
A. Cut height (w) 0.1 0.2+
8. Machine apeed (km/hr) 2 4
C. Concave claarance (cm} 0.7 1.0
D. Cylinder speed (rpm} B00» 1000
E. Sieve frequency (rpm} 210 270%
F. Air velocity (/%) ELd ?
G. Louver-iip angle (*} 3o» 40
U, Straw walker fraguoncy 210+ 250
{rpm;
# preferred
Column numbers and factor assignments
b i e et
Exp.j 1 2 3 4 S 3 ki L] 9 10 13 12 1)
No. A ] C D 13 1 4 < H 1 3 K et e
b e e e e e e e —
1 1 3 1 1 1 1 1 1 1 1 1 1 1
2 1 1 1 1 2 2 2 2 2 z 2 2 2
3 ) 1 1 3 3 3 3 3 3 3 k] 3 3
4 1 2 2 2 1 1 1 2 2 2 3 3 3
5 1 2 2 2 2 2 2 3 3 3 1 1 1
6 1 2 2 2 3 3 3 1 X 1 2 2 2
1 03 3 » 3 1 1 3y 3 3 2 2 2
1 3 3 3 *® r3 2 3 3 3 3 3 3
1 3 3 A b 3 3 2 2 2 1 1 1
2 1 2 3 1 2 3 1 2 3 1 2 3
2 1 2 3 2 3 1 2 3 1 2 3 1
2 3 2 3 3 2 2 3 1 2 3 1 2
13 2 2 3 1 1 2 3 2 3 1 3 1 2
14 rs 2 3 3 2 3 2 3 1 < 1 2 1
1% 2 2 3 3 3 1 2 1 2 3 2 3 1
i€ 2 3 3 Zz 1 2 3 3 1 2 2 3 i
17 2 3 1 2 2 3 1 1 2 3 3 1 2
18 2 3 1 2 3 1 2 2 3 1 1 2 3
19 3 1 3 2 1 3 2 1 3 2 1 3 2
20 3 1 3 2 ? 1 3 2 1 3 2 1 3
21 13 1 1 2 3 2 1 3 2 1 3 2 1
)
22 53 02 3 3 1 3 2 2 1) 32 1
23 3 2 1 3 2 1 3 3 2 1 1 3 2
24 ‘! 3 2 1 3 3 2 1 1 3 2 2 1 3
25 {3 3 2 1 1 3 2 31 2 1 2 1 3
2 1 1 2 ro2 1 T 1 3 2 3 2 1
27 13 3 2z 1 3 2 1 2 1 3 1 3 72 J

* emply <olumns

rig. 1. 1, prthoncnal array and facter assignments

Column no. and factor sssignaents

£xp.No. 1 2 k) .
A B 4 er

1 1 1 3 1

2 1 2 2 2

3 1 3 3 3

4 2 1 2 3

5 2 2 3 1
13 2 3 1 2

K 3 1 3 2
L] 3 2 1 3
9 3 3 2 )

e _

¢ ewpty column

rig. 2.

i, prthogonal array and facto: acsignments

At

P

Control OA Woice OA Qualjtys s/H
{:,‘p_ Factor Test. factor { Gl }D(; PC
No. B No. 12 3 1 i h
‘ ‘ ]
1 101 ... vijL
!z 101 ... 2 vi|z n
I ;
i7 302 .01 vile
12 LU
PC
2
Vil
vz %
vile
Test. Factor | PC
wo. 2 3! 27
I Y PO LESS
| : | 1 2 2- : n
P } |
LL by ozl-
D QN
rig. 3. Simulation algorithm for aptimur levels of control
factors {* GlL:Crain Loss, DG:Damiged Grain, PC-
pover Consumption:
/ QRAM 0SS
)
- 4
: li /1L /{ I b A ’ -g‘ /}/ )\
! \ /
!
B 0/ . A G5 S A A 6 A ot o Ml AR A gl o 40 A
To4 123 (25 123 123 129 123 123 120 123 189
B 3 < 4 2 r G H ! . %
rig. ¢. Effact of factors on quallty characteristic
A: Tut width B: Cylinder width
¢: Cancave length D: Cylinder dia.
E :lo. of bar F: Sleve amplitude
Gt Lieve inclination : Sieve projection angle
I: ¢traw wvalker ampiitude Ji Streaw valker width
X: Straw walker length
) ODAMARE D BEARLE
P
|
W . \
)‘L,{-,{‘ir-{~’i~~i-++
o - ‘
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N

12 3 27
8 2 3 1 ... )
Noise leval
(outer)
POWER CONYUMP THIN 2
' T o2 03 ... 1
’ A B ... H
T
< . t i t - 1 1 2 . ir
i \ g ! f 2 2 3
Ly 3f3 1
o ' . Adjustable
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l'zl' I\'?ZJ ;'35 [513 X’:‘SI‘Z:{ {:‘: Ped 123 12y 1y 27 1 h] Yo A
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Fiy. 6. Effect of adjustable factor on B/N ratios
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