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FUZZY STEERING CONTROLLER 

FIELD OF THE INVENTION 

0001. The invention relates to control systems for elec 
trohydraulic Steering controllers for work vehicles, Such as 
agricultural and construction vehicles. More particularly, it 
relates to Such control Systems having fuzzy logic control 
elements. 

BACKGROUND OF THE INVENTION 

0002 Agricultural vehicles are designed to travel on 
fields performing desired agricultural operations. For Safe 
and productive operations, one of the fundamental require 
ments for agricultural vehicles is high maneuverability. The 
adoption of electrohydraulic (E/H) Steering on agricultural 
vehicles makes it possible to apply electronic control for 
better vehicle maneuverability. However, the highly nonlin 
ear nature of the E/H system will affect the performance of 
the vehicle Steering. Variations in field conditions make it 
more difficult to have high performance Steering control. 
Conventional control technologies have limitations in Solv 
ing such problems effectively (Qiu, et al. 1999; Wu, et al. 
1998), yet a skillful operator adapts well to Such changing 
conditions. 

0003) Fuzzy control is an advanced control technology 
that can mimic a human operator's operating Strategy to 
control a complicated system (Pedrycz 1993), and can 
handle Systems with uncertainty and nonlinearity (Yen, et al. 
1994; Corbet, et al. 1996). Numerous fuzzy control appli 
cations on vehicles have been reported. Todo, et al. (1999) 
developed a fuzzy controller that utilized the offset and the 
orientation errors to control the Steering of a mobile robot 
and resulted in Satisfactory trajectory tracking performance. 
Zhang, et al. (1999) developed an adaptive fuzzy controller 
for a One Degree-of-Freedom (1-DOF) E/Hactuator system. 
This fuzzy controller compensated for System non-lineari 
ties and provided accurate Velocity control on the hydraulic 
actuator while Subjected to changing load. 
0004 What is needed is a control system for an E/H 
Steering System that compensates for these inherent non 
linearities. This application presents the development and 
construction of a fuzzy Steering controller for agricultural 
and construction vehicles with E/H Steering Systems that 
compensates for these non-linearities. The controller Steers 
a vehicle to follow desired trajectories based upon the 
Steering rate command and the error in Steering angle. 

SUMMARY OF THE INVENTION 

0005. In accordance with a first embodiment of the 
invention, a steering controller for a wheeled work vehicle 
is provided having a hydraulic actuator coupled to Steerable 
wheels on the vehicle and driven by a proportional control 
electrohydraulic valve, a Sensor that generates a signal 
indicative of the degree of turning of the wheels and the 
actual position of the wheels, the controller including a first 
fuZZifying circuit configured to convert a single real-valued 
turning rate Signal into a first Set of two values indicative of 
membership in two fuzzy Sets, a Second fuzzifying circuit 
configured to convert a Single real-valued turning position 
Signal into a Second set of two values indicative of mem 
bership in two fuzzy Sets, a fuzzy rule base including a 
plurality of rules to convert the first and Second Sets of 
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values into a third Set of values indicating membership in 
two or more fuzzy Steering command Sets, a fuzzy inference 
engine configured to apply the plurality of rules to the first 
and Second Sets and derive the third Set of values, and a 
defuZZifying circuit configured to combine the third set of 
values into a Single real-valued Steering command indicative 
of the degree of opening of the proportional control elec 
trohydraulic valve. 

0006 The first set may represent the degree of member 
ship in two of at least five fuZZy domains, including one 
domain representative of a steering rate of Zero. The first Set 
may represent the degree of membership in two of at least 
Seven fuzzy domains. The Second Set may represent the 
degree of membership in two of at least five fuZZy domains, 
including at least one domain representative of a Steering 
error of Zero degrees. The Second Set may represent the 
degree of membership in two of at least Seven fuZZy 
domains. The third Set may represent the degree of mem 
bership in two of at least five fuZZy domains, including at 
least one domain representative of a steering command 
indicative of Zero flow through the valve. The third set may 
represent the degree of membership in two of at least Seven 
fuZZy domains. 

0007. In accordance with a second embodiment of the 
invention a wheeled work vehicle is provided, including a 
chassis, a plurality of Steerable wheels pivotally mounted on 
the chassis, at least one hydraulic actuator coupled to the 
plurality of Steerable wheels and to the chassis to Steer the 
wheels left and right with respect to the chassis, an electro 
hydraulic proportional control valve fluidly coupled to the at 
least one actuator to regulate the flow of hydraulic fluid to 
the actuator in proportion to a valve Signal, a driver circuit 
configured to converta Steering command Signal to the valve 
Signal, a microprocessor coupled to the driver circuit and 
configured to calculate the Steering command Signal based at 
least upon a Signal indicative of an error in wheel Steering 
position and a Signal indicative of a rate of change of wheel 
Steering position, wherein the microprocessor is further 
configured to fuZZify the Signal indicative of a rate of change 
of wheel turning, by converting it into a first Set of two 
values indicative of membership in two fuzzy Sets, fuzzify 
the Signal indicative of an error in wheel Steering position by 
converting it into a Second Set of two values indicative of 
membership in two fuzzy Sets, convert the first and Second 
Sets into a third Set of values indicating membership in two 
or more fuzzy Steering command Sets by a fuzzy logic 
inference engine using a fuzzy logic rule base, and defuZZify 
the third Set of values into the Steering command indicative 
of the degree of opening of the valve. 

0008. The vehicle may also include a position sensor 
coupled to move responsively with both the wheels and the 
actuator and to provide the Signal indicative of Such motion. 
The Signal indicative of Such motion may be directly rep 
resentative of the actuator position. The Signal indicative of 
an error in wheel Steering position may be derived from the 
Signal indicative of Such motion. The vehicle may also 
include a trajectory-planning controller configured to com 
pute a vehicular course of travel through the field and to 
derive the Signal indicative of an error in wheel Steering 
position and the Signal indicative of wheel Steering rate. 

0009. In accordance with a third embodiment of the 
invention, a method for controlling the Steering of a vehicle 
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having Steerable wheels Steered by a hydraulic actuator, 
wherein the actuator is controlled by a proportional control 
Valve regulated by a signal indicative of a degree of valve 
opening, the vehicle further having a microprocessor-based 
controller configured to generate the Signal thereby control 
ling the Steering position of the wheels, is disclosed, the 
method including the Steps of receiving a first real-valued 
Signal indicative of an error in wheel Steering position, 
converting the first real-valued signal into a first plurality of 
values indicative of membership in a corresponding first 
plurality of fuzzy Steering error domains, receiving a Second 
real-valued signal indicative of a rate of wheel Steering, 
converting the Second real-valued signal into a Second 
plurality of values indicative of membership in a corre 
sponding Second plurality of fuzzy Steering rate domains, 
combining the first and Second plurality of values to gener 
ate a third plurality of values indicative of membership in at 
least two of five Steering command domains using a plurality 
of fuzzy logic rules in a fuzzy logic rule base that are 
Selected at least to reduce the Steering error Signal toward 
Zero, converting the third plurality of values into a single 
real-valued Steering command Signal indicative of the 
degree of opening of the valve, converting the Single real 
valued Steering command Signal into a valve signal in a 
driver circuit, applying the valve signal to the valve, and 
responsively moving the actuator to a position in which the 
Steering error is reduced. 
0.010 The step of converting the first real valued signal 
may include the Steps of comparing the first real-valued 
Signal with at least five fuzzy Steering error domains, deter 
mining the degree of membership in each of the at least five 
fuZZy Steering error domains, and producing at least two 
values indicative of the degree of membership in at least two 
of the five fuzzy Steering error domains. The Step of con 
Verting the Second real valued signal may include the Steps 
of comparing the Second real-valued signal with at least five 
fuZZy Steering rate domains, determining the degree of 
membership of each of the at least five fuzzy Steering rate 
domains, and producing at least two values indicative of the 
degree of membership in at least two of the five fuzzy 
Steering rate domains. The rulebase may associate the at 
least five fuzzy Steering error domains and the at least five 
fuZZy Steering rate domains with at least five fuzzy logic 
Steering command domains. The Step of combining the first 
and Second pluralities of values may include the Steps of 
accessing the rulebase with the first and Second pluralities of 
values, determining the degree of membership of each of the 
at least five fuzzy Steering commands, and producing at least 
two steering command values indicative of the degree of 
membership in at least two of the five fuzzy logic Steering 
command domains. One of the fuzzy logic Steering rate 
domains may be centered on a steering rate of Zero, one of 
the fuzzy logic Steering domains may be centered on an error 
of Zero, and wherein one of the fuzzy logic Steering com 
mand domains is centered on a command Signal providing 
an effective flow rate of Zero through the valve. There may 
be at least Seven fuzzy logic Steering rate domains and three 
of those domains may symmetrically balanced with three 
other Steering rate domains about a steering rate of Zero. 
There may be at least Seven fuzzy logic Steering error 
domains and three of those domains may be Symmetrically 
balanced with three other Steering error domains about a 
Steering error of Zero. There may be at least Seven fuzzy 
logic Steering command domains and three of those domains 
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may be Symmetrically balanced with three other Steering 
command domains about a steering command providing an 
effective flow rate of Zero through the valve. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0011. The present invention will become more fully 
understood from the following detailed description, taken in 
conjunction with the accompanying drawings, wherein like 
reference numerals refer to like parts, in which: 
0012 FIG. 1 illustrates a work vehicle (in this case an 
agricultural tractor) that is steered by a hydraulic actuator 
under the control of an electrohydraulic Steering controller 
in accordance with the present invention in response to a 
Steering Signal provided by an optional trajectory-planning 
controller; 
0013 FIG. 2 illustrates the fuzzy logic rulebase of the 
steering controller of FIG. 1; 
0014 FIG. 3 is a block diagram of the steering controller 
showing the feedback paths, 
0.015 FIG. 4 is detailed block diagram of the input 
fuZZification, the inference engine, the fuzzy logic rulebase 
and the output de-fuzzification performed by the Steering 
controller; 
0016 FIG. 5 shows the domains of the membership 
functions for the desired Steering rate; the functions trans 
form the one real-valued Steering rate into two correspond 
ing linguistic levels of demand Steering rate based upon their 
defined domains, 
0017 FIG. 6 shows the domains of fuzzy membership 
functions for the Steering error Signal; the functions trans 
form the one real-valued Steering error Signal into tow 
corresponding linguistic levels of demand Steering rate 
based upon their defined domains, 
0018 FIG. 7 shows the domains of fuzzy membership 
functions for levels of the Steering control Signal; the func 
tions transform two or more fuZZy-valued Steering level 
Signals into one real-valued Steering control Signal; 
0019 FIG. 8 illustrates the operation of the fuzzy infer 
ence engine, in this process, the fuzzy memberships of the 
input variables (the fuzzy values provided by the member 
ship functions of FIGS. 5 and 6) are mapped to the fuzzy 
output variables (the fuzzy values shown in FIG. 7) in which 
the fuzzy output will carry the lower value of the member 
ships of the fuzzy inputs; 
0020 FIG. 9 illustrates the steering control test results 
using the fuzzy Steering controller on a hardware-in-the-loop 
E/H Steering Simulator; the test was based on a pre-defined 
test procedure consisting of a commanding Steering angle in 
the form of a Sine wave followed by a command Steering 
angle in the form of a step output; 
0021 FIG. 10 illustrates the steering control test results 
using the fuzzy controller on an actual tractor operated in the 
field at a forward vehicle Speed of 0.4 meters per Second; 
0022 FIG. 11 illustrates the steering control test results 
using the fuzzy controller on an actual tractor operated in the 
field at a forward vehicle Speed of 2.2 meters per Second. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

0023 Referring now to FIG. 1, a tractor 10 has a pair of 
front wheels 12 that are rotationally coupled to front axles 
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14. Each wheel may be pivoted about a substantially vertical 
axis 16 to steer the tractor. A hydraulic actuator 18, here 
shown as a hydraulic cylinder, is coupled to the frame of the 
tractor and to the front wheels 12 to steer the front wheels 
left and right about axis 16. A hydraulic valve 22 is fluidly 
coupled between a hydraulic pump 24 (driven by vehicle 
engine 25) and cylinder 18 to fill and empty the cylinder, 
thereby changing the overall length of the cylinder and 
thereby Steering the vehicle. An electronic Steering control 
ler 26 is coupled to Valve 22. It sends electrical Signals to 
Valve 22 that cause the valve to open and close proportional 
to the magnitude of the Signals. A position Sensor 28 is 
coupled to the cylinder to provide a signal indicative of the 
position of the cylinder, and hence the Steering angle of the 
front wheels. The sensor is also coupled to controller 26. 
0024. A trajectory controller 30 is also provided on 
tractor 10. The trajectory controller generates a signal 
indicative of the desired angle to which the front wheels 
should be turned. This desired Steering angle or Steering 
command is generated by controller 30 based upon signals 
received from CCD camera 32, a real-time kinematic dif 
ferential global positioning system (RTK-DGPS) 34, and a 
fiber optic gyroscope (FOG) 36 to which controller 30 is 
coupled. Steering controller 26 receives the Steering com 
mand and, using fuzzy logic control circuitry described 
below, responds to the Steering command and Steers the 
vehicle in the direction indicated by the Steering command. 
0.025. While a trajectory-planning controller is employed 
in the preferred embodiment, it may be entirely replaced 
with a more traditional input device, Such as a Steering wheel 
manipulated by the vehicle operator. A Steering wheel using 
a potentiometer or shaft encoder will provide the same 
Signal to the Steering controller that the trajectory-planning 
controller does: a Signal indicative of the desired turning 
angle. This may be provided as the Ackermann angle, for 
example. 

0026. Tractor 10 in the illustrated embodiment is a Case 
IH MX240 tractor. Valve 22 is preferably an Eaton four-port 
closed-center proportional directional control E/H valve. 
Steering controller 26 and trajectory controller 30 are pref 
erably a PC-based controller that outputs Voltage Signals for 
valve control. A High Country Tek dual-coil PWM driver 
card is plugged into the PC-based Steering controller to 
convert the Voltage Signals generated by the controller into 
PWM duty cycles at a higher current level. These PWM 
Signals generated by the High Country driver card are then 
applied to the bi-directional Eaton valve (item 22) to open or 
close the valve. 

0.027 Valve 22, in turn, regulates the hydraulic fluid flow 
rate to the steering cylinder 18 to control the turning of the 
front wheels. 

0028 Position sensor 28 is preferably a calibrated linear 
potentiometer attached to the hydraulic Steering cylinder to 
indirectly measure the actual front wheel angle based on a 
Steering linkage gain. 

0029. The trajectory controller is a portable IBM com 
patible computer. The Steering controller is also a portable 
IBM-compatible computer coupled to a High Country Tek 
PWM driver card. The steering controller computer trans 
mits a Voltage Signal to the High Country driver card that 
converts the variable voltage into a PWM signal. 
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0030) The PWM signal, in turn, is applied to the electro 
hydraulic valve of the vehicle. The vehicle is a Case-IH 
MX240 tractor. 

0031 FIG. 3 illustrates the control process in more 
detail. The trajectory controller 30 receives a cylinder posi 
tion Signal from position Sensor 28. Based on the other 
Sensors described in FIG. 1, it calculates a trajectory or path 
in the field and, based on this path, determines the angle that 
the vehicle should steer. Since it also receives the actual 
Steering angle of the front wheels, it determines the differ 
ence between the actual wheel angle and the commanded 
wheel angle. This difference is called the steering error 310. 
As part of its calculations trajectory controller 30 also 
determines the rate 302 at which the wheels should be turned 
to the right or to the left. It provides both the steering rate 
302 and the steering error 310 to the steering controller 26. 
The Steering controller, in turn, determines the Signal 312 
that should be applied to the electrohydraulic Steering valve 
22 and applies it to the valve. Valve 22, which is connected 
to the hydraulic Supply “Q' opens or closes the commanded 
amount, thereby regulating the flow of hydraulic fluid “q to 
actuator 18. Flow “q' moves steering actuator 18. This 
movement is sensed by sensor 28 and is fed back to 
trajectory controller 30 for its next calculation. 
0032 Since the vehicle is moving through the field when 
the steering is changed, the vehicle itself turns (see block 
306) and this change in vehicle orientation, sensed by GPS 
34 asnd gyro 36 is fed back to the trajectory controller 30 as 
well. In this manner, the loop is closed. 
0033. The central control functions are performed by the 
Steering controller 26 which includes a fuzzy logic control 
circuit implemented in its control program and described 
below in more detail. 

FUZZY CONTROLLER DESIGN AND TUNING 

0034. Design of the Fuzzy Steering Controller 
0035. The fuzzy logic circuitry described below is pref 
erably implemented by controlling the Steering controller 
microprocessor with a control program Stored in a ROM or 
RAM memory of the steering controller 26. 
0036 While the fuzzy logic circuitry (indeed, the steering 
controller itself) can be implemented in the form of discrete 
analog and digital components, Such an implementation 
would make the System difficult to adjust, tune and upgrade 
as the algorithms are refined, and thus is not preferred. 

0037. The steering controller 30 uses (a) the desired 
Steering rate and (b) the steering angle of the front wheels as 
inputs to determine how to control valve 22 and hence how 
the vehicle is steered. Since the flow rate to the cylinder 18 
is roughly proportional to the Steering rate, and Since the 
flow rate of the valve is roughly proportional to the Signal 
applied to the valve, a control circuit based on Steering rate 
is relatively easy to implement. 

0038. As best shown in FIG. 4, The fuzzy steering 
controller is configured to respond to two inputs, 302,310 
and to generate a single output Signal. The output from the 
fuzzy controller is the crisp steering control signal (with a 
varying voltage) that drives the E/H Steering control valve 
22 after it is converted to a PWM signal by the High Country 
Tek PWM driver card. 



US 2002/01381.87 A1 

0.039 FIG. 4 shows a block diagram of the fuzzy steering 
controller consisting of two input variable fuzzifiers 402, 
404 for fuZZifying the two input Signals, a Steering rulebase 
308, a fuzzy inference engine 310, and a steering command 
defuzzifier 312 that defuzzifies the output of the inference 
engine. 

0040. The two input fuzzifiers 402, 404 were designed to 
convert real-valued input variables into linguistic variables 
with appropriate fuzzy memberships. Each fuZZifier consists 
of a set of fuzzy membership functions defining the domain 
for each linguistic input variable. A real-valued input vari 
able is normally converted into two linguistic values with 
asSociated memberships based on the defined domains of 
these linguistic values. 
0041) The first input fuzzifier 402, as detailed in FIG. 5, 
converts the real-valued commanded Steering rate Signal 
input from the trajectory planning controller 30 into two 
fuZZy values. Seven fuzzy Values of Steering rates, including 
negative large (NL), negative medium (NM), negative 
Small (NS), Zero (ZE), positive small (PS), positive medium 
(PM), and positive large (PL), and associated fuzzy mem 
bership functions were defined for a Steering rate between 
-20/s and +20/s. 

0042. The definitions of these fuzzy values play a critical 
role in the design of the fuzzy Steering controller, and are 
commonly defined based upon the capacity and the nonlin 
ear characteristics of the hydraulic Steering System. The ZE 
fuZZy function represents a commanded Steering rate of Zero. 
The PS, PM and PL functions represent the rate at which the 
vehicle's wheels should be steered to the right. PS for small 
right turn rates, PM for medium right turn rates, and PL for 
large right turn rates. 
0043. Similarly, the NS, NM and NL functions represent 
the rate at which the vehicle's wheels should be steered to 
the left. NS for Small left turn rates, NM for medium left turn 
rates, and NL for large left turn rates. 
0044) The second input fuzzifier 404, as detailed in FIG. 
6, converts the real-valued Steering error Signal input from 
the trajectory planning controller 30 into two fuZZy values. 
Seven fuzzy Values of Steering errors, including negative 
large (NL), negative medium (NM), negative Small (NS), 

Zero (ZE), positive Small (PS), positive medium (PM), and 
positive large (PL), and associated fuzzy membership func 
tions were defined for a Steering errors between -5 degrees 
and +5 degrees. 

004.5 The ZE fuzzy function represents the degree to 
which the vehicle's wheels are pointed in exactly the direc 
tion the trajectory controller 30 wishes them to be pointed. 
In other words, if the trajectory controller 30 determines that 
the wheels are pointed in the proper direction to keep the 
vehicle on the proper trajectory or path through the field, it 
will generate a steering error Signal of Zero. 

0046) The PS, PM and PL functions represent the amount 
to which the vehicle's wheels too far to the right. PS when 
the wheels are only pointed a little too far to the right, PM 
when the wheels are pointed a too far to the right, and PI 
when the wheels are pointed way too far to the right. 
0047 Similarly, the NS, NM and NL functions represent 
the amount to which the vehicle's wheels too far to the left. 
NS when the wheels are only pointed a little too far to the 
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left, NM when the wheels are pointed a too far to the left, 
and NL when the wheels are pointed way too far to the left. 
0048. Fuzzy Inference Engine and Rule Base 
0049. The fuzzy inference engine 410 was designed to 
Select appropriate Steering action for Specific Steering con 
ditions based upon (a) the desired Steering rate provided by 
steering rate fuzzifier 402, and (b) the error in front wheel 
angle that are provided by steering error fuzzifier 404. 
0050. The inference engine 410 selects the appropriate 
action from the steering control rules stored in rulebase 408 
based upon the fuzzified values output from the input 
fuzzifiers. 

0051 Referring now to rulebase 408, shown in greater 
detail in FIG. 2, the following IF-THEN rule structure is the 
general format used for this Steering controller: 

0.052 IF desired steering rate is FUZ RATE LEVEL, 
AND the steering error is FUZ ERROR LEVEL, 
0.053 THEN the control signal should be at FUZ OUT 
PUT LEVEL 
0054 The fuzzy relations included in the fuzzy control 
rules were empirically determined according to typical 
behaviors for maneuvering an agricultural vehicle. FIG. 2 
Summarizes the fuzzy relations for the control rules devel 
oped for the tractor Steering control. The first column of 
FIG. 2 represents the desired steering rate. The first row of 
FIG. 2 represents the steering error. Each of the cells in the 
table of FIG. 2 contain the fuzzy steering commands cor 
responding to each level of the desired Steering rate and the 
steering error as fuzzified in blocks 402 and 404. 
0055. In the typical case, the fuzzification steps will 
provide two linguistic values with their corresponding 
degrees of fuzzy membership. For example, the fuzzification 
step 402 might indicate 0.3 membership in ZE and 0.7 
membership in NS. The fuzzification step 404 might provide 
0.6 membership on PL and 0.4 membership in PM. 
0056. These four memberships, when applied to the 
rulebase of FIG. 2 select the intersection of a two-by-two 
block in the rulebase-the intersection of "ZE' and “NS' of 
the steering rate column with “PL” and “PM' of the steering 
error rows. The inference engine then converts this two-by 
two block into a reduced set of memberships (the Steering 
actions) using the center-of-area method, as exemplified in 
FIG 8. 

0057 The output from the fuzzy controller is one or more 
linguistic values and their associated memberships. These 
values are then defuZZified to create a Single real-values 
output signal. The output signal is then converted from a 
voltage value (see FIG. 7) to a pulse-width modulated signal 
and is applied to the valve 22. The process of defuZZifying 
the Steering actions is described in the next Section. 

0058 As a final note, there are several values in the table 
of FIG. 2 that have additional scaling values, such as “0.2”. 
These values compensate for vehicle over-Steer in Specific 
Situations. From our experience in controller tuning, over 
Steering often occurred when the Steering error was Small. 
The larger the desired Steering rate, the more the over 
Steering tended to be. Reducing the level of Steering action 
Solved the problem. This reduction in Steering action is 
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shown by the empirically determined Scaling factors of 0.2 
and 0.4 that are shown in the cells of the steering rulebase 
of FIG. 2. 

0059 Steering Action Defuzzification 
0060 Once the steering command fuzzy memberships 
have been determined, the System must defuZZify the mem 
berships to provide a single real-valued Steering command 
Signal. The defuZZification process converts one or more 
fuZZy-valued outputs to one real-valued output. There are 
many defuZZification methods, Such as center of gravity 
(COG), center-average, maximum criterion, mean of maxi 
mum, and center of area (COA), available for different 
applications (Passino and Yurkovich 1998). 
0061 Although any of these methods would be accept 
able (with appropriate changes to the rulebase, of course), 
defuzzification block 412 (FIG. 4) of the steering controller 
implements the COA defuzzification method to determine 
the real-valued Steering control Signal. 
0.062 By this approach, the real-valued steering control 
Signal, u, was determined by the domain and the member 
ships of the Selected fuzzy Steering corrections, u(u), using 
the following equation: 

(1) 

0.063. The COA method naturally averages the domains 
of Selected fuzzy Steering corrections, and thus reduces the 
sensitivity of the system to noise. The use of a COA 
approach increased the robustneSS and accuracy of the 
Steering control. 
0064. The defuzzification membership function that turns 
the Steering action into a Single real-valued signal is shown 
in FIG. 7. There are seven domains that comprise the output 
membership function. The output value is a Voltage that is 
Subsequently converted into a PWM signal and applied to 
the valve. A Zero voltage when converted into a PWM signal 
causes the valve to close entirely, preventing the actuator 
from moving. AS the Voltage goes more negative, the valve 
opens progressively wider and the PWM signal causes the 
actuator to move in a direction that Steers the wheels at a 
progressively faster rate to the left. AS the Voltage goes more 
positive from Zero, the valve opens progressively wider and 
the PWM signal causes the actuator to move in a direction 
that Steers the wheels at a progressively faster rate to the 
right. Thus, the more positive the Voltage Signal is, the faster 
the wheels turn to the right and the more negative the Voltage 
signal is the faster the wheels turn to the left. 
0065. Note that the specific voltage values are not sym 
metric. The extreme values are -3 and +4 volts respectively. 
While the values are not symmetric, the wheels response is 
Symmetric. A value of -3 volts causes the wheels to turn or 
Steer to the left at the same rate in degrees per Second that 
a value of +4 volts cases the wheels to turn to the right. The 
reason that values of each fuzzy logic domain are not 
Symmetric yet the operation of the output function is Sym 
metric is because of the geometry of the Steering mecha 
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nism. Thus, the output function is indeed Symmetric about a 
wheel turning rate of Zero (i.e. a voltage of Zero) if we 
Substituted the actual turning or Steering rates in place of the 
Voltages values. 
0066 Tuning of the Fuzzy Steering Controller 
0067. As one might expect, the values of the fuzzy logic 
rules were not Selected at random, but were created by 
tuning the fuzzy algorithm and testing it on a hardware-in 
the-loop controller prior to using the Steering controller in 
the field. 

0068 The performance of the fuzzy steering controller 
depends on the appropriation of domain definition for both 
input and output fuzzy variables. Properly defined fuzzy 
variables for a specific vehicle will improve the stability, 
accuracy, and nonlinearity compensation of the fuzzy Steer 
ing controller. In this Study, a triangular fuzzy membership 
function, uv, was defined by domain values of C, C, and 
C., for each fuzzy value (FV) in the fuzzy Steering control 
ler. 

itNL di Ci d2 (2) 

itNM di da Cig 

itNS d2 C3 d4 

it A F ilZE F G3 d4 d5 

iPS d4 d5 do 

iPM d5 d5 (if 

iPL de (if d7 

0069 where, u is a set of the fuzzy membership func 
tions for each fuzzy input or output variable, C and C are 
the boundaries of the fuzzy value, and C is the full mem 
bership point of the fuzzy value within a defined domain. 
0070 Equation 2 uses a set of seven domain values to 
define Seven fuzzy Values in the real-valued operating range. 
The tuning of fuzzy Steering controller was to determine the 
domain values for each of the fuzzy values. The following 
vector presents the domains of fuzzy membership functions 
for a particular variable. 

A={C. C. Cls C. Cls Co C-7) (3) 

RESULTS AND DISCUSSION 

0071 Simulation Evaluation on Hardware-in-the-loop 
Steering Simulator 
0072 The fuzzy steering controller was programmed in 
C++, integrated into a digital agricultural vehicle Steering 
model, and tested on a hardware-in-the-loop (HIL) E/H 
steering simulator (Zhang et al. 2000). The purpose of the 
HIL simulation study was to evaluate the stability and 
accuracy of the fuzzy Steering controller. The Simulation 
model was developed based on the assumptions of (1) 
incompressible fluid in the hydraulic steering System, (2) no 
internal or external leakage, (3) constant Steering loads, and 
(4) Zero system deadband. The dynamic model of the E/H 
steering system was programmed using SIMULINK. The 
mathematical model was used to initially derive the fuzzy 
logic rulebase. Then the field tests were conducted on the 
HIL simulator platform to validate the rulebase and the 
control algorithm. Since the actuating System on the HIL 



US 2002/01381.87 A1 

Simulator was reproduced from an agricultural vehicle, the 
control algorithm and the Steering control rulebase were 
developed for the actuating system of the HIL simulator. 
0073. Fuzzy membership functions used in this fuzzy 
controller were tuned based on the physical constraints of 
the HIL simulator. Limited by the size of the hydraulic 
power unit, the Steering rate was constrained within a range 
of -0.5,0.5 m/s. Constrained by the length of the actuating 
cylinder, the Steering error was limited in -0.2, 0.2 m 
range. Similarly, the Steering control signal range was 
defined as -4.0, 5.0 V to represent the fully open signal 
range for the E/H control valve on the HIL simulator. 
0.074 The tuning of the fuzzy steering controller was to 
define the domain of Seven fuzzy Values for each of input 
and output variables. In this study, the tuning Started with a 
reasonable guess of initial domains for all Seven fuzzy 
values using a piecewise liberalization approach on both 
input and output variables. For a triangular fuzzy member 
ship function, the domain of each fuzzy Value consists of 
two boundaries and one full membership point as defined in 
equation (2). Normally, a very small ZERO fuzzy value was 
defined for a Smooth transition between positive and nega 
tive fuzzy values. The other fuzzy values were tuned to meet 
the requirements of Sensitivity to a Small signal and quick 
response to a large Signal. The tuning process involved the 
iteration of the Simulations and tests to determine the 
optimal fuzzy domains for all the fuzzy values. The follow 
ing vectorS Summarize the tuned boundary points for fuzzy 
membership functions of the Steering rate, Steering error, and 
Steering control signal for the HIL simulator. 

Ar={-0.50 -0.25-0..100.00..100.25 0.50 m/s (4) 
Ass={-0.200 -0.019 -0.010 0.0 0.010 0.019 
0.200 m (5) 
Aourpur-4.0 -2.5-1.0 0.01.0 3.05.0 V (6) 

0075). Note that these values are different than the values 
shown in FIGS. 5-7. Those values represent the system as 
tailored for the actual Case-IH tractor on which it was 
ultimately implemented. 
0.076 The performance of the fuzzy steering controller 
was evaluated using two steering rate command Signals: (1) 
a complete cycle of Sine wave of 0.1 HZ in frequency and 
0.015 m in amplitude and (2) a complete cycle of step input 
0.015 m in amplitude (FIG. 9). The response of the con 
troller provided evidence that the tuned fuzzy membership 
domains given by equations (4) to (6) provided prompt and 
accurate Steering rate control on this HIL Simulator. The 
maximum error in tracking the Sine wave Steering rate 
commands was 0.007 m, and the root mean Squared error 
(RMS) for one complete sine wave cycle was 0.003 m. 
Under a step steering rate command, the maximum over 
shoot was 20% with a rise time of 0.5 s. The maximum 
tracking error was 0.018 m, and the corresponding RMS 
error for the complete Square Step commanding cycle was 
0.005 m. These relations are illustrated in FIG. 9, which 
plots the commanded rate (in m/s) versus the actual rate (in 
m/s). Clearly, the Simulated performance of the controller 
was Superior. 

0077 Field Tests on a Tractor Platform 
0078 After being successfully tuned and tested on the 
HIL E/H steering simulator, the fuzzy steering controller 
developed for the HILE/H simulator was implemented on a 
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Case-IH MX 240 agricultural tractor. The algorithm of the 
fuzzy controller was unmodified for implementation on the 
tractor. The only modification to the controller was the 
retuning of the fuzzy Value domains according to the physi 
cal constraints of the E/HSteering System on the tractor. For 
the Case-IH MX 240 tractor, the steering rate range was 
defined between I-20, 20 degrees per Second and the 
Steering error range was defined between -5, 5 degrees due 
to the capacity of the hydraulic System. The control Signal 
range was defined between -3.0, 4.0 V to represent the 
fully open range of the E/H Steering control valve. 

0079 The fuzzy domain tuning process on the tractor 
platform was similar to the process done on the Simulator. 
The following vectors are the tuned boundaries for seven 
fuzzy Values of the Steering rate, Steering error, and Steering 
control Signal. 

ARTE={-20-10-50 5 10 20}/s (7) 
AERRor={-5-4-1 0 1 45} (8) 
Aourpur-3-3.0 -2.0 -0.5 0.00.5 2.04.0 V (9) 

0080) Note that these values are the ones shown in FIGS. 
5-7 as the preferred embodiment. While they are the values 
that worked in the System described herein, they are not 
fixed and are largely a function of the Specific geometry and 
electronic characteristics of the mechanical and electrical 
elements used in the preferred embodiment. It should be 
understood that a System using a different vehicle with 
different Steering geometries, different actuators, and differ 
ent valves will most likely have quite different values for 
each of the fuzzy logic functions. 

0081. A series of field tests were performed using the test 
procedure Similar to that used in on-simulator tests with the 
retuned fuZZy value domains. The test procedure consisted 
of a complete cycle of Sine wave Steering rate command of 
0.1 Hz in frequency and 15 in amplitude and a complete 
cycle of step input steering rate command of 5 in amplitude. 

0082 FIG. 10 is the result obtained from the field test at 
a speed of 0.4 m/s. The results verified that the fuzzy steering 
controller provided a prompt and accurate Steering rate 
control on the tractor. The maximum error in tracking the 
Sine wave steering rate commands was 1.8, and the root 
mean Squared error (RMS) for one complete Sine wave cycle 
was 0.84. Under a step steering rate command, the maxi 
mum overshoot was also 20% with a rise time of 0.5 s. The 
maximum tracking error was 6.1 due to the overshoot, and 
the corresponding RMS error for the complete Square Step 
commanding cycle was 0.5. A low-pass digital filter was 
used in the controller and reduced the noise in the feedback 
Signal to improve the tracking performance. Similar results 
were obtained from different traveling Speeds ranging from 
0.3 to 7.0 meters per second. FIG. 11 shows the result 
obtained from the field test at a speed of 2.2 meters per 
Second, which was very Similar to the results obtained from 
the test at 0.4 meters per Second. 

0083) While the embodiments illustrated in the FIG 
URES and described above are presently preferred, it should 
be understood that these embodiments are offered by way of 
example only. The invention is not intended to be limited to 
any particular embodiment, but is intended to extend to 
various modifications that nevertheless fall within the Scope 
of the appended claims. 
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0084. For example, the various circuits need not be 
embodied as custom programs on IBM-compatible comput 
erS. Indeed, any practical application will probably replace 
the personal computers with one or more dedicated micro 
controllers or microprocessors. The System need not respond 
to a Steering rate Signal but could respond to a steering angle 
Signal from which a filter derives a desired Steering rate. 
Given a current Steering angle and a desired Steering angle 
and given an interval over which the System wishes to Steer 
to the desired Steering angle, the desired Steering rate is easy 
to calculate. 

0085. The system need not use a linear actuator, such as 
the cylinder described herein, but could use a rotary actuator. 
The cylinder position Sensor provides a signal indicative of 
the Steered position of the front wheels by relying upon the 
fact that the Steering geometry of the Steering linkages is 
fixed. A different Sensor could be used at any other point in 
the Steering linkage to provide a Signal indicative of the 
degree of Steering, Such as a potentiometer fixed to measure 
the angle between two steering linkages, or a rotary Sensor 
that Senses the angle of the wheels with respect to the vehicle 
itself. All of these and numerous other arrangements that can 
only be conjectured would provide a signal indicative of the 
Steering angle of the vehicle's wheels. The System need not 
use a trajectory planner but could use a steering wheel or 
other device to generate a signal indicative of a desired 
direction of travel. 

What is claimed is: 
1. A Steering controller for a wheeled work vehicle having 

a hydraulic actuator coupled to Steerable wheels on the 
vehicle and driven by a proportional control electrohydraulic 
Valve, a Sensor that generates a Signal indicative of the 
degree of turning of the wheels and the actual position of the 
wheels, the controller comprising: 

a first fuZZifying circuit configured to convert a single 
real-valued turning rate Signal into a first Set of two 
values indicative of membership in two fuzzy Sets; 

a Second fuZZifying circuit configured to convert a single 
real-valued turning position error Signal into a Second 
set of two values indicative of membership in two 
fuzzy Sets; 

a fuzzy rule base including a plurality of rules to convert 
the first and second sets of values into a third set of 
values indicating membership in two or more fuzzy 
Steering command Sets; 

a fuzzy inference engine configured to apply the plurality 
of rules to the first and second sets and derive the third 
Set of values, and 

a defuZZifying circuit configured to combine the third Set 
of values into a single real-valued Steering command 
indicative of the degree of opening of the proportional 
control electrohydraulic valve. 

2. The string controller of claim 1, wherein the first set 
represents the degree of membership in two of at least five 
fuZZy domains, including one domain representative of a 
Steering rate of Zero. 

3. The steering controller of claim 2,wherein the first set 
represents the degree of membership in two of at least Seven 
fuZZy domains. 

4. The Steering controller of claim 2, wherein the Second 
Set represents the degree of membership in two of at least 
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five fuzzy domains, including at least one domain represen 
tative of a Steering error of Zero degrees. 

5. The steering controller of claim 4, wherein the second 
Set represents the degree of membership in two of at least 
Seven fuZZy domains. 

6. The steering controller of claim 4, wherein the third set 
represents the degree of membership in two of at least five 
fuZZy domains, including at least one domain representative 
of a Steering command indicative of Zero flow through the 
valve. 

7. The steering controller of claim 6, wherein the third set 
represents the degree of membership in two of at least Seven 
fuZZy domains. 

8. A wheeled work vehicle comprising: 
a chassis, 
a plurality of steerable wheels pivotally mounted on the 

chassis, 
at least one hydraulic actuator coupled to the plurality of 

steerable wheels and to the chassis to steer the wheels 
left and right with respect to the chassis, 

an electrohydraulic proportional control valve fluidly 
coupled to the at least one actuator to regulate the flow 
of hydraulic fluid to the actuator in proportion to a 
Valve signal; 

a driver circuit configured to convert a steering command 
Signal to the valve signal; 

a microprocessor coupled to the driver circuit and con 
figured to calculate the Steering command Signal based 
at least upon a signal indicative of an error in wheel 
Steering position and a Signal indicative of a rate of 
change of wheel Steering position, wherein the micro 
processor is further configured to fuZZify the Signal 
indicative of a rate of change of wheel turning, by 
converting it into a first Set of two values indicative of 
membership in two fuZZy Sets, 

fuZZify the Signal indicative of an error in wheel Steering 
position by converting it into a Second Set of two values 
indicative of membership in two fuzzy Sets, 

convert the first and Second Sets into a third set of values 
indicating membership in two or more fuzzy Steering 
command Sets by a fuzzy logic inference engine using 
a fuzzy logic rule base, and 

defuZZify the third Set of values into the Steering com 
mand indicative of the degree of opening of the valve. 

9. The vehicle of claim 8, further comprising: 
a position Sensor coupled to move responsively with both 

the wheels and the actuator and to provide the Signal 
indicative of Such motion. 

10. The vehicle of claim 9, wherein the signal indicative 
of Such motion is directly representative of the actuator 
position. 

11. The vehicle of claim 9, wherein the signal indicative 
of an error in wheel Steering position is derived from the 
Signal indicative of Such motion. 

12. The vehicle of claim 11 further comprising a trajec 
tory-planning controller configured to compute a vehicular 
course of travel through the field and to derive the Signal 
indicative of an error in wheel Steering position and the 
Signal indicative of wheel Steering rate. 
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13. A method for controlling the steering of a vehicle 
having Steerable wheels Steered by a hydraulic actuator, 
wherein the actuator is controlled by a proportional control 
Valve regulated by a signal indicative of a degree of valve 
opening, the vehicle further having a microprocessor-based 
controller configured to generate the Signal thereby control 
ling the Steering position of the wheels, the method com 
prising the following microprocessor Steps: 

receiving a first real-valued signal indicative of an error in 
wheel Steering position; 

converting the first real-valued signal into a first plurality 
of values indicative of membership in a corresponding 
first plurality of fuzzy Steering error domains, 

receiving a Second real-valued signal indicative of a rate 
of wheel Steering; 

converting the Second real-valued signal into a Second 
plurality of values indicative of membership in a cor 
responding Second plurality of fuzzy Steering rate 
domains, 

combining the first and Second plurality of values to 
generate a third plurality of values indicative of mem 
bership in at least two of five Steering command 
domains using a plurality of fuzzy logic rules in a fuzzy 
logic rule base that are Selected at least to reduce the 
Steering error Signal toward Zero; 

converting the third plurality of values into a single 
real-valued Steering command Signal indicative of the 
degree of opening of the valve; 

converting the Single real-valued Steering command Sig 
nal into a valve signal in a driver circuit; 

applying the valve signal to the valve; 
responsively moving the actuator to a position in which 

the Steering error is reduced. 
14. The method of claim 13, wherein the step of convert 

ing the first real valued Signal includes the Steps of: 
comparing the first real-valued Signal with at least five 

fuzzy Steering error domains, 
determining the degree of membership in each of the at 

least five fuzzy Steering error domains, and 
producing at least two values indicative of the degree of 

membership in at least two of the five fuzzy Steering 
error domains. 

15. The method of claim 14, wherein the step of convert 
ing the Second real valued signal includes the Steps of 
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comparing the Second real-valued signal with at least five 
fuzzy Steering rate domains, 

determining the degree of membership of each of the at 
least five fuzzy Steering rate domains, and 

producing at least two values indicative of the degree of 
membership in at least two of the five fuzzy Steering 
rate domains. 

16. The method of claim 15, wherein the rulebase asso 
ciates the at least five fuzzy Steering error domains and the 
at least five fuzzy Steering rate domains with at least five 
fuzzy logic Steering command domains, and further wherein 
the Step of combining the first and Second pluralities of 
values includes the Steps of: 

accessing the rule base with the first and Second pluralities 
of values, 

determining the degree of membership of each of the at 
least five fuzzy Steering commands, and 

producing at least two Steering command values indica 
tive of the degree of membership in at least two of the 
five fuzzy logic Steering command domains. 

17. The method of claim 16, wherein one of the fuzzy 
logic Steering rate domains is centered on a Steering rate of 
Zero, and wherein one of the fuzzy logic Steering domains is 
centered on an error of Zero, and wherein one of the fuZZy 
logic Steering command domains is centered on a command 
Signal providing an effective flow rate of Zero through the 
valve. 

18. The method of claim 17, wherein there are at least 
Seven fuzzy logic Steering rate domains and further wherein 
three of those domains are Symmetrically balanced with 
three other Steering rate domains about a steering rate of 
ZCO. 

19. The method of claim 18, wherein there are at least 
Seven fuzzy logic Steering error domains and further wherein 
three of those domains are Symmetrically balanced with 
three other Steering error domains about a steering error of 
ZCO. 

20. The method of claim 19, wherein there are at least 
Seven fuzzy logic Steering command domains and further 
wherein three of those domains are Symmetrically balanced 
with three other Steering command domains about a steering 
command providing an effective flow rate of Zero through 
the valve. 


