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ABSTRACT 

A pivoted auger grain flow sensor, installed on a 
commetcial combine, was evaluated as a means of 

determining yield variations withii a f ~ l d  whit 
harvesting wheat and grain sorghum. Dfgital Altering 
techniques wen used to deal with signal noise. Grain 
yields from field plots could be determined within f 3% 
of the actual harvested yields while still detecting yield 
variations withii plots. Vibration, v e h i i  motion, grain 
transportation time lag through the combine and 
unsteady flow rates also were investigated. 

In recent years, much effort has been focused on the 
control of crop production practices to match the 
individual needs of spec& areas of a field. One 
technique is to measure the independent variables prior 
to an application operation and develop a "control map" 
which is then transfemd to the application vehicle 
(Schmitt et al., 1986). A map of a previous crop's grain 
yield could be used in developing that control map. 

Yield maps could also be used for accurate evaluation 
of individual prescription farming methctds and as a 
useful feedback tool for grain producers. F a  uampk, a 
yield map might illuminate previously unknown 
problems with fertility, drainage or disease. A yleM map 
may also encourage experimentation by the producer 
since crop varieties, fertility treatments, planting rates, 
or tillage methods could easily be compared on a yield 
basis. 

The key elements of a grain yield mapping system are 
a grain flow sensor, a navigation unit for determining 
machine position and a computer for performing 
calculations and results. This report covers initial field 
trial results using a pivoted auger grain flow sensor for 
determining yield variations within a tleld while 
harvesting crops with a commercial combine. The sensor 
concept was designed and tested in the laboratory 
(Wagner and. Schrock, 1986, 1987). Three primary 
objectives of the field tests were: 

1. To determine the accuracy of the grain flow 
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sensor under field conditions. 
2. To determine the time lag that exists between 

the cutting of the crop at the h d c r  and the 
entry of grain into the combine grain tmk. 

3. To propose and implement modMcations to 
improve the flow sensor's performance in the 
field. 

GRAIN FLOW SENSOR AND INSTRUMENTATION 
The pivoted auger grain flow sensor was installed 

above the grain tank of a Deutz-Allis N6 Gleaner 
combine*. The combine's original bin filling auger was 
m o d i f i  to discharge grain Into the pivoted auger. The 
pivoted auger was driven hydraulically, with speed 
controlled by a flow control valve mounted within reach 
of the operator. A 700 kg capacity catch bin was 
suspended from thne load cells beneath the discharge 
end of the flow sensor for mas grain flow rate 
vctifcation. F i  1 shows the configuration of the 
pivoted auger grain flow sensor mounted on the 
combii. The combine bin was unloaded into a 3000 kg 
portable scale for verification of yields. 

A Zenith 2158 microcomputer quipped with a 
Tecmar LabMaster data acquisition system was installed 
in the cab of the combine and powered from the 
combine's electrical system through an inverter. The 
following signals were sampled with this system: 

1. Pivoted auger rotation speed using a magnetic 
pickup sensor. 

vIhe use d tndc nunr in this p b l i i t l w  dar mot imply 
clldoncmcDtdthspfodocbrnuncd. 

original co&iru 
bin-filling auger 
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Pivoted auger weight using a 450 N capacity 
load cell installed at the discharge end of the 
pivoted auger. 
Pivoted auger vertical acceleration from an 
acceletometer mounted on the discharge end of 
the auger. 
Vertical acceleration of combine from an 
accelerometer mounted on the pivoted auger 
support frame. 
Combine travel speed using ari existing 
magnetic pickup sensor on the combine drive 
line. 
The cumulative mass of grain discharged from 
the grain flow sensor held in the 700 kg catch 
bin using three load cells (26.4 kN total 
capacity). 

A complete description of the hardware configuration of 
the data acquisition system used during the field tests 
along with the source listings- for the software used is 
included in Wagner (1988). 

DATA COLLECTION PROCEDURES AND ANAYSIS 
Wheat Hamst Field Tab 

Field data were obtained while harvesting wheat at two 
locations in southcentral and northcentral Kansas. 
During these tests, data were collected every 10 ms, and 
the grain flow sensor data were pre-proasmi each 
second according to an averaging technique developed 
during laboratory testing (Wagner and Schrock, 1986). 
The one-second averaged data then were recorded on the 
microcomputer's hard disk for later analysis. 

Small test plots were constructed in several fields at 
both locations for tests undertaken during wheat harvest. 
The plots were harvested in two manners: (1) using 
constant travel speeds to maintain a relatively constant 
grain flow rate into the combine, or (2) introducing a 
change in travel speed while harvesting the plot to obtain 
a change in grain flow rate. 

Typical constant travel speed data are shown in Fig. 2. 
The times the combine header entered and left the plot 
were recorded during data collection. The times when 
grain flow measurement began and ended were 
determined from the raw data. All of these times are 
represented in Fig. 2 by the vertical dashed lines. 

Modi£icado~~ to Data Collection Pmcedanr 
Suitable information on the sensitivity of the grain 

flow sensor was not obtained with the one-second 
averaged data from the wheat harvest trials, primarily 
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because of the amount of fluctuation still remaining in 
the data after the pre-processing of the auger weight 
readings. The averaging method, which worked well 
during the controlled laboratory tests (Wagner and 
Schrock, 1987) was designed to only cancel hquencies 
and harmonics related to the actual auger speed so noise 
from other sources on the combine, which generated 
different frequency ranges, was still present. 

Therefore, other techniques were studied following the 
wheat harvest tests. Visual b p e c t h  during the wheat 
harvest tests rtvealed that the diiharge end of the 
pivoted auger would vibrate horizontally while running. 
Since this was a poasibk source of sensor noise, a small 
radius rod was W k d  to restrain the horizontal motion 
of the dircharjp end of the pivoted auger. 

Next, sensor data were collected in the lab with the 
engine running at idle and operating speeds with and 
without the separator engaged. These data were collected 
at 2 ms time intern&. A Fourier transformation then 
was performed oa the data to determine the predominant 
frequencies. The rerults of the Fourier analysis rarled 
that frequencies assocbted with combine cylinder, 
engine speed and other shafts were more prevalent than 
those from the pivoted auger rpm (Fig. 3). The cylinder 
speed was approximately 900 rpm and engine speed was 
2000 rpm. These tests were performed with and without 
the radius rod installed, but no conclusive results could 
be drawn from this information in the lab setting. 
Because of our experiences with the field tests during 

wheat harvest, the data collection method was m d i d  
for the grain sorghum tield tests. A user-specifted 
number of samples ( l i t e d  by computer memory to 
about 15,000 data points) was collected and stored on 
disk in binary format without data pre-processing. Afbr 
a set of constant-time-internal data was written to disk, 
sampling of another set of data would immediately 
begin. This provided us with several sets of constant-time 
interval data for each plot harvested. The recording of 
raw, unprocessed data vastly increased the amount of 
data to be haadled but allowed off-line experimentation 
with various data reduction techniques. 

Grab Socgbum Hameat Fkkl Terb 
Field tests were conducted while harvesting grain 

sorghum in the fall in northeast Kansas. The field was 
divided into small plots to repeat the type of testing 
performed while harvesting wheat during the summer. 

The specific yields varied greatly among the plots 
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TABLE 1. Accunl aud Redicted Yielda far Orria Soc#lrm 
Hlf.ut Plats 

Plot Plot Specific Scde Bin 
rite 

arc$ 
yield yield yield 

(m 1 (kg/ha) (kg) (ly1 

11 - 1225 - 509.0* 
a2 1107 4097 453.6 445.9 
a3 1107 4158 460.4 450.5 
a4 1107 3913 433.2 431.8 
a5 1107 3913 433.2 426.6 
a6 997 2730 272.2 287.0 
bl 1385 1506 208.7 203.0 
b2 1385 2652 367.4 350.0t 
b3 1385 .3045 421.8 413.1 
b4 1385 3635 503.5 499.5 
b5 1385 3815 528.4 532.7 
b6 1247 2400 299.4 278.0* 
cl 883 4032 356.1 357.0 
c2 883 4186 369.7 363.2 
13 883 3980 351.5 339.3 
c4 883 3955 349.3 341.4 
c5 883 3492 308.4 297.7 
c6 795 2054 163.3 154.1 
dl 1268 4364 553.4 566.5* 
d2 1036 4312 446.8 438.0 
d3 1036 4553 471.7 461.8 
d4 1036 4860 503.5 500.9 
d5 1036 5231 542.0 531.2* 
d6 932 3917 365.1 360.0 

Senror Bin Sensor 
yiJd ara error 
(4J) (%I (%) 

551.9 - 8.43$ 
445.4 -1.70 -0.11 
459.4 -2.15 1.97 
4373 -0.32 1.27 
421.6 -1.52 ' -1.16 
290.9 5 . 4  137 
178.3 -2.73 -12.170 
349.0 -4.75 t -0.29 
413.4 -2.06 0.08 
499.8 -0.79 0.06 
536.2 0.81 0.65 
276.0 -7.15* -0.74 
341.1 0.25 4 . 4 5  
360.2 -1.76 -0.82 
334.1 -3.47 -1.53 
337.5 -2.26 -1.13 
298.4 -3.47 . 0.22 
154.9 -5.63' 0.54 
5793 2.37* 2.24 
426.9 -1.97 -2.54 
45t.1 -2.10 -2.33 
497.6 -0.52 -0.65 
520.0 -2.00 -2.10 
350.6 -1.40 -2.62 

* Data collection terminated prematurely and/or the amall catch 
bin overtlowed 

t Ending bin weight data garbled on atorage me& 
$ Plot with the largest average auger t b w  rate 
8 Plot with the lowest avetage auger flow rate 

(Table 1). This variability existed primarily because of a 
lack of soil moisture duting the growing season and poor 
weed control along field boundaries. The yield variability 
observed among these plots ptovide an indication of the 
degree of variation that can exist in a field. The 
maximum plot yield was nearly 3.5 times the minimum 
plot yield (Table I), with an average yield of3687 kg/ha 
and standard deviation of 903.7 kg/ha. 

The raw pivoted auger flow sensot data were processed 
through a digitally implemented 4-pole Butterworth 
lowpass filter. The theory, design and implementation of 
the filter used is contained in Wagner (1988). 
Experimentation with various cutoff frequencies for the 
lowpass filter was perfotmed to study it's transient 
response to changes in the actual data stream. It was 
determined that a 1/2 Hz cutoff ftequency had an 
appropriate transient tesponse to changes in the actual 
flow sensor data and still suppressed the low frequency 
(2.5 Hz) noise related to the pivoted auger's rotation 
speed of 150 rpm. Sets of raw and filteted data are shown 
for a typical plot site in Figs. 4 and 5, respectively. 

RESULTS AND DISCUSSION 
Grain Flon Time 4 Through The Combiae 

The time delay between the start of crop intake at the 
header and when actual gtain flow measurement occurs 
can be represented theoretically as a transportation delay 
(time for grain to physically travel from the header to the 
grain tank) and a 1st-order time lag (accounts for the 
redistribution of material inside the combine). Bae 
(1!#37) used this model to represent the combine's 
response to a step input of crop at the header. He found 
the transportation delay to be a function of grain flow 

a* # a # - # Y w --a IY  # Ia # I* # I&.. 

71- (WC) 

Rts--Mdhb-w*Ik 
rate with higher grain flow rates exhibiting lower 
transporation delays. 

Crop entry and exit transportation delay times were 
obtained while harvesting the wheat plots. Results from 
several fkld locations shown in Table 2 remal a 14 to 15 s 
time lag for both cases. An attempt to musure the time 
lag between header input and actual grain flow rate 
measurement when a change in feedrate occurred while 
harvesting the crop proved less ccmcIusive (Tabk 2), as 
evidenced by the large standard deviation of times 
measured. No attempt was made to determine the 1st- 
order time lag from the data. 

Grain Flow Sensor Mbrrtron (Wheat Harvest) 
Plots harvested at a constant travel speed were selected 

on the basis of visual uniformity. If the plots were 
uniform, they should have provided a nearly constant 
mass flow rate of gtain into the small catch bin. The 
small catch bin calibration was periodically checked 
witha portable yield scale. 

TABLE2~FlarMeuurrmeatTurvLag 

Field 
Site - 
1 
2 
3 
4 
5.1 
6 

Entering Crop 

St& 
No. Time Dm 
plots (#c) (uc) 

Leaving Clop W i t b  Crop 

Std. Std. 
No. Time ' DLI No. Time Dcrr 
plots (uc) (uc) plow (rec) (rc) 



The beginning and ending boundaries for constant 
mass flow for each plot were determined by visually 
examining the bin weight readings in the taw data (see 
dashed lines, Fi. 2). The slope of a linear tugremion of 
the catch bin weight readings was used to determine the 
a c t 4  mass flow rate of gt.irr harvested for each plot. 

The laboratoty work s u f g p t d  that a 2nd-order 
polynominal related the g d n  flow sensot outpat to the 
actual grain flow rate (Wagner and Schrock, 1987). 
However, the field data were collected doer a much 
smaller range of actual grain flow rates than the 
laboratory data. Thus, a simple linear regression 
pmvided essentially the same degree of fit to the 
calibration data as a polynomial curve. This linear 
regression achieved an adjusted R2 value of 0.9873 using 
data from 26 test plots. The actual calibration curve was: 

N S S  

sYn flow rf] =0.006%18 kf:: [z] * FI]} 
A plot of the actual grain flow &te determined from the 
small bin weight readiigs and the product of the pivoted 
auger weight and rprn readings is shown in Fig. 6. 

By integrating the calibrated pivoted auger flow sensor 
readings over time for each of the plots, the absolute 
sensor accuracy can be estimated. The resulting plot 
yields determined from the small catch bin and the flow 
sensor are provided in Tabk 3. In most cases, yields 
derived from the flow sensor d i g s  fell within f 10% 
of the actual plot yields. 

Grain Flow Smor Cdibmtion (Grrrhr Socgl~'cun Harvest) 
Sensor accuracy was evaluated in the following 

manner using the grain sorghum harvest field data: 
1. A moving linear regression using 10 data points 

was performed on the bin weight values to 
determine the actual grain flow rate (slope of 
bin weight values over time) and calibrate the 
pivoted auger grain flow sensor. The average 
auger weight and rprn values over the same time 

TABLE 3. ActuJ and Predkted Yieklr f a  
What m t  Plow 

Plot Plot Sp#Sc Bin Srnmr Sensor 
cite uy yield ykld yield aror 

(m ( k e n 4  (Lg) (b) ('A) 

intervals used by the moving regression were 
also obtained. if fewer than 10 points were used 
in the regression, the correlation between the 
change in the bin wdght readings and the gtain 
flow rate sensot deteriorated significlsltly. The 
f~ltered data time interval was approximately 
0.2 s, so about 2 s of data were used in the 
moving regression. 
All moving regression bin weight data points 
that indicated a grain flow rate greater than 11 
kgh, or nearly double the maximum actual 
grain flow rate, were d i e d  as wen as any 
values less than zero. 
A linear regression between the pctual grain 
flow determined from the moving repmion of 
the small catch bin weight d i g s  and the 
product of the pivoted auger weight and rprn 
r e a d i i  determined the pivoted auger grain 
flow sensor's calibration equation. The linear 
regression a c h i i  an adjusted R value of 
0.8931 using data from the 24 test plots. The 
actual calibration curve was: 

] = O.OO6M. (Z * ar [41) flow 

A plot of the actual grain flow rate determined from 
the small bin weight readigs with the moving regression 
and the product of the pivoted auger weight and rpm 
readings is shown in Fi. 7. Absolute sensor accuracy 
was then determined by inbgrating the calibrated 
pivoted auger flow sensor r e a d i s  over time for each of 
the plots. Plot yields determined from the small catch bin 
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" " 1  CONCLUSIONS 
1. Filtering the sensor data thtough a lowpass 

fdtet appurs to be a viable method to 
signifhntly n d u a  the high frequency noise 
that is present on the flow sensor output. The 
majority of the noise present can be traced back 
to the cylinder, engine and other rotating shafts 
on the combine. 

2. Use of the lowpass filter d)owad the pivoted 
auger grain flow sensol to obtain plot yields 
within f 3% of the actual yields. 

3. The sensitivity of the pivoted auger p i n  flow 
sensot is sutllcknt to detect changes h grain 
flow rate (yield) within the small plots as shown 
in Fi. 5. 

4. The f ~ l d  test results indicate that a pivoted 
auger grain flow sensor has potential as a t d  to 
detmnine yield variations w h i i  harvesting r 

la m. s3 so. Y. m. m. WI. 
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