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After implementation was complete, a test row was built to
characterize the navigation controller. The test row made of
solid barriers was built to impart a unit step error input to
the fuzzy controller to allow for the evaluation of the control-
ler response and steady state error. Both positive and nega-
tive step inputs were tested. The widths of the simulated row
changed between 91 cm (36 in) and 61 cm (24 in), depending
on the step function polarity of the test. The setup for these
tests are depicted in Figures 13 and 14.

Figure 13: Unit step navigation testing

Figure 14: Positive and negative step function experiments

For simple performance measurement, the left and right dis-
tances were streamed from the Arduino MEGA to a PC for
logging. This measurement method was selected because of
a lack of inexpensive and simplified global localization refer-
ences. All samples for the tests were collected at the 20 Hz
control loop frequency.

A second test was devised to entertain the performance pos-
sibilities of the controller in a straight corn row, where the
distance measurements vary greatly due to gaps between
the crops and overhanging leaves present in the LIDAR sens-
ing space. The corn row used in the test was a simulated row
made from painted PVC pipe stalks and aluminum foil leaves.

The row was arranged to be 91 cm (36 in) wide, and 16 corn
stalks long at 20 cm (8 in) spacing. The experiment layout for
the second test is depicted in Figures 15 and 16.

Figure 15: Centering tests in simulated row of corn

Figure 16: Navigation space was irregular in the second test

3. Results

The positive step response of the controller is shown in Fig-
ure 17. The rise time of the left distance shows the row be-
coming suddenly expanded, and settles to a steady state 3
seconds into the test when the robot steers to the left, allow-
ing the right distance to converge with the left. This settling
time was 1.5 seconds. The steady state error was evaluated
within the 3 to 9 second period of the test. Maximum error
in this steady state period was within 2.85 cm (3.14% for 91
cm row width), and had a mean value of 0.74 cm and a stan-
dard deviation of 0.88 cm.
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Figure 17: Step input response - row width expansion

The negative step response of the controller is shown in Fig-
ure 18. The fall time of the left distance shows the row be-
coming suddenly compressed, and settles to a steady state
6.5 seconds into the test when the robot steers to the right,
allowing the right distance to converge with the left. This set-
tling time was 3.5 seconds. The steady state error was evalu-
ated within the 6 to 12.5 second period of the test. Maximum
error in this steady state period was within 2.14 cm (3.5% for
61 cm row width), and had a mean value of 0.22 cm and a
standard deviation of 0.69 cm.
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Figure 18: Step input response — row width compression

Response of the controller for simulated corn row naviga-
tion is shown in Figure 19. The inconsistency of the naviga-
tion references provided large and frequent error impulses
to the controller. The entire simulated row was traversed in
just over 7 seconds. The centering error was evaluated for
the entire 7 second period of the test since the corn row was
straight, without any intended step changes included. Maxi-
mum error for the test was within 34 cm (37.4% from 61 cm
row width). For seconds 2 through 7 of the test, maximum
error was within 14.4 cm (18% for 61 cm row width). Error
throughout the test had a mean value of -3.55 cm, and a
standard deviation of 8.43 cm.
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Figure 19: Navigation response for simulated corn row test

4. Discussion

The fuzzy controller as described was able to successfully
navigate converging, diverging, and step changes in barrier

arrangements made to simulate worst-case corn rows. The
robot was able to navigate a simulated corn row with larger
and more frequent error than observed in smooth barrier
step response tests. Further testing will take place in the field
to facilitate the development of crop row measurement tech-
niques that navigate rows despite varying gaps between in-
dividual crops and overhanging leaves. This will enable the
design of the fuzzy controller to be used in a large variety of
row-following systems. As the number of sub-canopy system
designs increases, the viability of large-scale data collection
of plant-by-plant characterization will increase. These analy-
ses will offer the benefits found in the field of precision ag-
riculture by treating subplots of a field as individually con-
trolled crop systems. As the row-following fuzzy controller
is matured and further developed, inexpensive sub-canopy
sensing systems can become adapted for automated deploy-
ment in both academia and industry, driving the collection
of plant-by-plant field diagnostics as a wide-spread sens-
ing technique.
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