DIFFERENTIAL FLATNESS—BASED FORMATION FOLLOWING
OF A SMULATED AUTONOMOUS SVALL
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ABSTRACT. Researchers around the world have focused on autonomous agriculture with systems encompassing greenhouse,
orchard, field, and other applications. Research has shown the potential and ability of the technology to allow a vehicle or
selection of vehicles to follow a specified task. In this study, one aspect of the problem, that of operating a tractor—cart
combination in conjunction with a small-grain combine harvester, was investigated. The tractor—cart combination and
combineharvester application was selected because of the high fatigueramnduration aspects of thegoblem. Differential
flathess—based formation following was tested in software and robotic simulation. The software simulation was based on an
actual field track from a combine yield monitor and demonstrated the potential of the system. The robotic simulation used

two iRobot Magellan Pro robots in an indoor environment and demonstrated that the methodology could be implemented in
real time.

Keywords. Automatic control, Combine harvesters, Computer simulation, Farm machinery, Farm management, Model
validation, Modeling.

ver the last 100 years, agriculture has made signif- In the field, harvesters operate in conjunction with one or
jcant advances. Revolutions in mechanization, imore grain carts. The grain cart travels from one or more
otronics, and genomics have increased yieldsarvesters in the field to the road transport or grain storage
The combine harvester is a critical element in trereas. Portions of the canbvement are done independently,
harvesting of important field crops in North America. Comaway fromother vehicles. When transferring harvested grain,
bine size and capacity have increased to meet yieldhand the cart must synchronize its movement with the harvester.
agement changes. The dimensions of the combine and cart require precision
Research groups in the U.S. and internationally hagperation of both vehicles. The continuous operation and
begun tadevelop robotic systems for agriculture (Reid, 200@recision required for transfer are fatiguing.
Reid et al., 2000; Noguchi et al., 1997). The majority of the The cart and harvester interactions are governed primarily
projects have dealt with the development of robotic conttoy the harvester. During harvest, the primary objective is to
systems and navigation systems for individual agricultudarvest the maximum quantity at the highest quality with a
vehicles, primarily tractors. Tractors are used for a wideinimum of inputs (fuel, time, labor, etc.). To achieve the
variety of tasks, including tillage, planting, cultivation, anchaximum quantity in the minimum time, an overriding
harvest support. Researchers have begun to investigdigctive is to keep the harvesters operating at maximum
harvester guidance systems; however, the state of the artdifectiveness during the entire process. The grain cart has to
not reached that of tractor guidance systems (Callahan ets#lquence its transfer and movement operations to prevent
1997; Fitzpatrick et al., 1997; Benson et al., 2001). any harvesters in the field from reaching capacity (forcing a
stoppage) beforthe cart can arrive. Theart has to select the
appropriate harvester, based on distance and time to fill,
locate the harvester using a combination of local and/or
Article was submitted for review iBuly 2003; approvefbr publication  global sensors, travel to the harvester, and travel in formation
%éﬂe.l?g;?n‘?é?gﬁhi'ez%tgﬁ sTithRﬁfS;TT\A Zie"tiif]iogsfpgsglfl\lig /?)F;g'l with the harvester as grain is transferred. After completion of
iR.obot is a trademark of iRobot Corporation. Mgention gf tradé name,ﬂ.e transfer, the c_art is free to trav_el to Other harvesters or
proprietary product, or specific equipment does not constitute a guarantf@tUrn to an in-field storage station (typically a tractor
or warranty by the University of Delaware and does not imply the approvzira”el’).
of the named product to the exclusion of other products that may be Current research has not concentrated on the cart and
suitable. ; ; ; ;
Department of Mechanical EngineeringBenjamin Laxton, :
Undergraduate Research Assistant, Department of Computer a&®ntrol of mobile robots (Hao et al., 2003; Guo and Parker,
Information SciencesEric R. Benson, ASAE Member Engineer, 2002; Fredslund and Matarsc, 2001; Balch and Arkin, 1998).
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Transactions of the ASAE
Vol. 47(3?4): © 2004 American Society of Agricultural Engineers ISSN 0001-2351 1



investigated extensively (Lamiraux and Laumond, 199Btanning and trajectory optimization are considered separate
Sekhavat et al., 1997). Combining formation planning amelsearch problems. The graph search method is suitable for
control of mobile robots with trailers is a challenginglobal path planning anchn be implemented on-line will

problem. generate a discrete path sequence and can be changed to a
smooth trajectory without considering system dynamics. The
OBJECTIVE optimization method gives optimal trajectory but is hard to

The objective of our research was to develop a robotiaplement in real time when dimensions and constraints are
simulation of agricultural vehicle formation and dockindpigh. For this reason, optimization is normally performed
strategies. Within that overall objective, two sub—objectiveéf-line. Differential flatness can be used to simplify the
were identified: solution of dynamic optimization problems. Differential

« Use differential flatness to plan the trajectory of a combine asgstems that exhibit the properties of differential flatness

tractorwith trailer formation. werefirst studied by Fliess etl. (1995) andatersummarized

* Simulate the combine and tractor with trailer formation usingy Sira—Ramirez and Agrawal (2004). The use of flatness-

both computational and robotic methods. based planning of groups of autonomous vehicles was
reported in scientific literature (Fossas et al., 2000; Ferreira

and Agrawal, 1999; Pledgie et al., 2002). Differentially flat

RESEARCH DESCRIPTION AND FRAMEWORK  systems are well suited to problems requiring trajectory

The harvester and tractor combination can be thoughtd§neration. Since the outputs of a flat system completely
as a formation of autonomous robots that need to maintai#egcribe its behavior, the trajectory can be planned in output
specified geometric relationship. Thus, we propose a pradface, and the inputisat will cause the system to follow this
cal framework for the on-line planning and control df&jectory can be calculated directly. '_I'h_e idea ofdlfferent_lal
multiple mobile robots with trailers moving in groups. Théatness will be used to plan and optimize local trajectories
group is trailer-cented, must maitain sane predetermined for mobile robots Wlth trailers. F|gu_re 1 _shows four-wheel
geometric shape while moving, and is allowed to changBd two-wheel mobile robots pulling hitch-mounted and
formation asecessary to negotiate through the environmeftgpin—-mounted trailers. Let us denote the coordinates of
The combine path dictates the path of the trailer to ensuré'@ robot and the trailers by, §, 6), (x1, y1, 81), ..., &, Yn,
collision—free path that will allow grain transfer. The path &), respectivelyin each case, the systésrtifferentially flat
the trailer, in turn, dictates the required path of the tractorih the last trailer'sq andyn as the linearizing outputs.
ensure that the trailer is in the optimal location at the correct
time.

Path plannindpased on graph search is typically discuss§ ANNING AND CONTROL
in artificial intelligence literature, while trajectory optimiza- A flowchart for formation planning and control is shown
tion is addressed in control literature. In most cases, pgfhiigure 2. In this project, the combine operator was assumed

' _ ay
(c) (d)
Figure 1. Four types of mobile robots with trailers: (a) four-wheel vehicle with a kingpin—-mounted trailer, (b) two-wheel veHie with a kingpin—
mounted trailer, (c) four-wheel vehicle with a hitth-mounted trailer, and (d) two—wheel vehicle with a hitch-mounted trailer.
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to provide the path, either from a GPS-based planting mapTrailer and follower trajectory generation uses the flatness
or from on—board sensors. The combine path was reducegrmperty of the system. For the formation group, the flat
a series of waypoints, and the trajectory generator producediput is the combine’s trajecton(yc). Given the leader’s

a continuous time trajectory for it. Then, according to theajectory, the last trailer's nominal trajectory will be
trailers’ positions in the formation with respect to the conadetermined geometrically. Other trailers and the follower
bine, the reference trajectories for trailers and real robots evkot’s trajectories will be determined recursively. Although
generated. If there is a possible collision in the comped collision—free trajectories for the combine and trailer can be
jectories, the trailers’ and robots’ trajectories will be optdictated by the choice of offset, the possibility exists of
mized given the reachable area for the trailers if a solutioollisions between the tractor and combine. These inter—
exists. Next, each robot tracks its own trajectory. Based fonmation collisions can be accounted for if there is some
trailer stability analysis (Lamiraux and Laumond, 1998), ffexibility in the trailer’s trajectories.

the robot tracks its reference trajectory well, the trailers at-In general, the problem scenario consists of multiple
tached to the robot will also converge to their own refereneehicles moving as a group. Gro@consists olN similar

trajectories. units, and the dynamics of tith unit is given by:
Robots obtain position feedback through onboard odome- _ .
try readings. If the environment does not change and there are X;= f(Xi Ui ) i=1,..N (1)

no collisions between robots after trajectory optimization,

then the robots track their computed trajectories. Typical Here, X € R"denote the statesy; RMare the inputs,

changes could include detection of an obstacle, soft grou_ggdf(_) is a smooth mapping from its arguments. Trajectory

or other restr_icti(;)ns t% nglot\)/ement. Opleration in a changigthnning for such a group consists of finding trajectories,
ean]on{nent IS’I es?n N h ykl)-|ao ﬁt a 'h(2003)' d . which over a time horizorig, tf] satisfy the dynamic equation
The last trailer of each robot chain has a predetermingq 1 given the inequality constraints shown in equations 2

geometric relationship with respect to the leader. TRgq 3°3nq minimizing a cost criterion shown in equation 4:
relationshipdefines the referendeajectory for the last trailer

based on the reference trajectory of the leader.

— — n
90q,...xN,1)<0,ge R )
E(Xl""’XN'ul""’uN!t)S O,Cce gtnc (3)
Combine Traject e — _
" minJ = @ € ). %y € )t ]
v k
+ [L (XX
Generate Trailer | g I (Xl' ’XN'ul' ’uN'tht (4)
Path N to
¢ The inequality constraints involving configuration vari-
Generate Tractor ables of the units in equation 2 have a well-defined structure
Path that comes from the organization of the group and the
geometry of the formation. For this reason, they are
distinguished from other inequality constraints on states

Optimize and/or inputs in equation 3 and are considered configuration
Trajectory constraints. For example, during grain transfer, the combine
and trailer need to stay within a minimum (collision) and
maximum (failure to transfer) distance. Such constraints fall
S - — - within the category of equation 2.

; This trajectory optimization problem involves finding

Meet Collision
and Constraints?,

| I
3 | Combine _ Truck ! N(n + m) state and input trajectories in the presence, of
| |fracking Controllers Tracking Controllers] | ne inequality constraints, while satisfyitdn state equations
L =-=- + -— == === + it and given terminal constraints. The solution of such an
Update Combine Update Truck optimization problem is known to be computationally
Position Position demanding. In order to make this problem computationally

| | more tractable and potentially solvable in close to real-time,
the problem can be posed as multiple suboptimal problems
that give some fixed forms and discretize the original
continuous problem. If the resolution is small enough, the
solution will be acceptable. Specifically, consider one tractor
with a trailer, shown in figure 1a, that follows a combine time
interval fto, tf]. Let x. andy; denote the combinelsandy
trajectories in global coordinates, respectively. The heading

angle @¢) can be calculated as follows:

Figure 2. Flowchart for formation planning and control. _ )
’ penne 0= tan l(—&‘) (5)
x(}

No

Goal Reached?

Vol. 47(324): 3



obtl:liienxe&j ttr)];' trailer's nominal trajectoriesy{, yin) can be Xp =% +] xcod®, ) (1)
X = X + dxx cod®, )- dyxsin(®.) (6) Yp =¥ +1xsin(@, ) 12)
Yin = Ve + dxxsin@, )+ dyx cog0. ) @) wherel is the distance between the midpoint of the tractor
n—JcC C C

rear wheels and trailer wheels.
wheredx anddy denote the trailer local position relative to The cost function is aimed to minimize the trailer’s
the leader robot in the formation. Given flexibility in theleviation from thexominal trajectory while ensuring that the
trailer’s motion, we can specify a circle around its nomin&p—collision requirement is met. In order to optimize in
trajectory. A maximum permitted deviation distanB¢an real-time, dinite discrete set§) must be used. For example,
be defined, in this case based on the dimensions of the grain bty -t
cart. A suitable choice for the trajectory is polynomial sueh uniform discretization ido +!
asAx = ag +agt +aot? + agt3 + a4t# ... for thex trajectory and
Ay = bg + byt + byt2 + bst3 + bst# ... for they trajectory. Any

0 .
, wherei = 0 ...n.

Each vehicle in the formation was reduced to a series of

number of polvnomials can serve as a valid traiecto circular constraint points (fig. 3a). For the tractor and
poly . ombine, multiple constraint points were used to dictate the

however, the relative computation cost and performan&gsired behavior and avoid collisions. Each constraint point
need to be compared. The coefficieagsas, ap, ... andbg, -

by, by, .. are parameters, which in this project Wermcludedx andy coordinates and a radius of conformity. For

; f llision avoidance, the radius was specified as a distance
CaI.CUIfited using the CFSQP so ) are package. Thus, &t other vehicles could not operate within. For grain
trailer’s trajectory %, y;) is given as:

transfer, the radius was specified as a distance that the
— %+ Axxcod0.. )= Avxsin(0 g) combine discharge auger had to remain within. The radius
%= % ¢ )-ayxsinfoc) ® constraints were dictated by vehicle geometry. For example,
_ the combine was reduced to circular constraint points located

Yt = Yin + Axxsin©, }+ Ayx codp ) (9) at body center and at each end of the head. The circular
constraint point that was centered on the combine body

The trailer's angleg) can be calculated as well: encircled the entire combine body. Circular constraint points

) were located at the outer edges of the head with a diameter
et:tan_l Y (10) equal to the width of the head. To avoid collision, the
X, combine constraint points could not be located inside any

other vehicle’s constraint points. On satisfying the

The tractor pullshe trailer through the required trajectoryeonstraints at the discrete points, the optimization problem
The tractor’s trajectoryxf, yp) can be computed by: becomes:

Tractor Combine
|

|<*2.4I’T'I‘F| ) 8.3m I

wgz —|-|
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Figure 3. (a) Vehicleconstraint points and (b) simulation dimensions.
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_ (io ) 3 4 )2 outputs given byX, Vi), i.e., all system variables can be dif-
minJ = _max[ THT+ AT +a3T +at +... ferentially parameterized solely terms ofx, andy; and a fi-
i=1.n 5 nite number of their time derivatives:
+()0+blt+b212+b313+b414+...)] (13)

Xi = X (18)
and Vi = Vi (19)
T
lw|< 3 e
6, =tan | — (20)
[iR3= 5
3
(g+agt+...¢ + (g +byt+...f <R? v, :tan‘l(%;i;i}ﬂ (21)

VIR v )2s g2
(Xpl XCJ)+(ypI yCJ)>d'J Uy =Sy X7+ Y7 (22)

Vte S,ie M, jeN

J _ st e i)+ (2 452 L - loli + 512
wherey is the tractor front wheel anglg s the tractor-trail- e (62 +5:2) 4Gy — 530 P12
er angled; is the safe distance between ciricénd circle),
M andN are the approximation circle sets for the tractor amchere
combine, respectively, and subscripisandcj denote the
tractor and combine, respectively. S= { 1 forward (24)

Given the desired optimized trajectory, a tracking control- -1 backward

ler was developed to ensure that the tractor correctly » ) )
followed the correct trajectory. According to the proof given The condition shown in equation 25 should hold for the
by Lamiraux and Laumond (1998), if the reference angianned trajectory; andy;, and then the control as well as
betweerthe trailer and the tractor is insiderf2, /2] and the State parameterizations are invertible:
tractor tracks its reference trajectory well during forward
motion, then its trailer will also converge to its own reference X2+ Y2 20 (25)
trajectory.The lead vehicle (combine) dictates the path of the
trailer; the path of the trailer in turn dictates the required pathIn the combine—tractor—trailer system, the flat output is
of the tractor to achieve the desired trailer trajectory. THee combine’s reference trajecton,(yc).

(23)

computationalbprocess reverses the standaniging model in In the experiment, the mobile robot shown in figure 1b has
which the tractor dictates the trailer path. two coaxial powered wheels and a passive supporting caster
The equations of motion for a rear wheel drive vehicle andeel. The robots used in the experimental validation of the
governed as shown by equations 14 to 17: formation—following algorithm are differential drive and are
_ governed as shown by equations 26 to 28. Both four-wheel
X; = Uy cod®; ) (14) and two-wheel vehicles with trailers are differentially flat.
The required inputs to drive the pulling vehicle in a trailer set
i — Uy sin(®: are calculated from the required states of the last trailer in the
Y=t ( ') (15) set for a differentially flat system:
. %; =y cos(B; ) (26)
0i==tanly; ) (16)
¥i= uy sin(®;) (27)
¢i: Ui (17)
where &, y;) is the Cartesian location of the center of its rear 6 = Uzi (28)

wheels 6; is the heading angle between the body axis and tWhﬁere &, y;) denotes the position of the center of the axle

horizontal axis, andy; represents the steering angle witf) iéh respect to the inertial frame, arj denotes the

respect to the vehicle k_)ody_. The dlstance_ between .mrlentation of the vehicle in the inertial frame. The inputs to
location §, y;) and the midpoint of the steering wheels |§1

denoted by;, ujj corresponds to the translational velocity o el c_ontrol(ljerharm]j z_and Uzl, V‘.’h'd} z;re thbe translatlo_nall
the rear wheels of the vehicle, ang corresponds to the velocity and the rotation velocity of the robot, respectively.

velocity of the angle of the steering wheels. The actual front wheel angles shown in figure 3a will be

The kinematic model presented in equations 14 to 17 0§%ftware—constramed, as shown in equation 29:
rear wheel drive vehicle is differentially flat with the flat

Vol. 47(324): 5
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e e e LIPS
Uj (x2 + y‘i) 3

Corrective strategies are required to keep the vehicles on
the trajectories. The tracking controller from Samson and
Ait—Abderrahim (1991) was used here. ), (y;, 6;) are the
coordinates of the reference robot in the frame of the real

robot, and if (J]?, Ucz)i) are the inputs of the reference

trajectory and, yir) are the robot reference trajectory in

global coordinates, then this control law has the following
expressions:

Figure 4.iRobot Magellan Pro robots were usedo physically simulate the

Uy = U]? COS(Gr )+ Ky X, (30) combine and tractor.
) parameters are hetnstantControl commands are sent out
Uy =1+, SO g (31) ©very0.144s (694 Hz).
0, The purpose of the experiment was to show that these
algorithms work in real-time for trajectory generation,
whereky, kz, andks are positive numbers and optimization,and sensor updating in a dynamic environment.
A block diagram of the computational procedure is shown in
u]? = ,/ Xt +y,r (32) figure 5. Our experiment consisted of a leader robot
(combine) and a follower robot-trailer combination (tractor
and cart).

o _d [ Y,
Ug =— |:tan (—ﬂ
dt X;
(33)  RESuLTS AND DiscussIioN
A sample agricultural setting was simulated both in
software and using the experimental hardware. Simulation

dimensions were established to mimic typical agricultural
MATERIALS AND METHODS vehicles (fig. 3b). The vehicle dimensions were scaled to

h The for(‘jmation p_Ianning and (éogtr?ll concept descgbe%i@% for the simulations. Vehicle dimensions selected for the
the preceding section was tested both in software and robglg ation modeled a John Deere 8120 MFD tractor pulling
simulation. The robotic simulation was performed using tWp e\ 1075 cart and a John Deere 9650 STS combine with

differential-drive mobile robots (Magellan Pro, iRobof 37 ¢ grai ; : ;

. . . . grain platform. The dimensions used represent typical
Corp., Burlington, Mass.) (fig. 4), one of which had a trailef, jc ity ral vehicles, not detailed models of any specific
attached to it. One robot was designated as the le ;

(combine), and the second robot was designated as a tractop yiéld monitor track froma similar combine operating in

A scratch-built trailer was attached to the tractor robot, WiR}msas wheat under typical conditions was used to provide
the vertical axis of the hitch passing through the midpoint 9 pathway for the simulation (fig. 6a). Any yield monitor

the drive axle. A 10 R potentiometer was installed on thg,, -\ could be used to provide a valid combine path for

Kingpin of the trailer. A 12-bit data acquisition Car‘ﬁiawulation. The 2-D simulation was performed on a subset

(PCI-6024E, Na'FionaI Instruments, Au_stin, Texas) was Us§flihe pathway (fig. 6b). The subset selected represents one

to process the signal from the potentiometer, providing ﬁishing pass of the combine, and grain transfer would

re_latlv_e direction [§) of the trailer with respect to the ically occur after completion of the finishing pass. The

direction of the tractor. Each robot has an on-board %th selected, however, includes greater turning motion than
t

consisting of an EBX motherboard and a Pentium LI . :
processor. The robots operate under the Linux operat Blcal for grain transfer. A subset of the pathway was used

system and their software integrates sensor and commun
tion data. The robots communicate through wireless Ethernet
capable of transmitting data up to 3 Mb per second.

simplify simulation and ease evaluation; however, the
ire pathway could also be simulated.

Translational and rotational velocity controllers are use ) Smooth Trackin . )
to reposition each robot. MATLAB/C++/JAVA are used af Formation | [ Trajectory |- Contm]iger ﬁ. g“’)giﬁ
the computational engine for decision making, control, ar| Flanning Generation U

programwas used (Lawrence et &002). Inthe experiment,

the optimization computation time was 0.9 s (1.11 Hz). The
were eight parameters to optimize, and the path w
discretized into 100 points. The parameters are calculat...
first and if there are no changes in the environment, then the

graphical display. A version of the CFSQP optimizatio ‘[ ] I

x,y, 6

Figure 5. Formation planning and tracking control.
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Figure 6. Combine and tractor/grain cart pathways weresimulated on a portion of an actual combine pathwaya) entire field pathway, as generated
from the combine yield monitor, and(b) combine pathway forthe simulatedregion.

The formation—following ability was modeled in C/C++gntire simulation. A time history of the trailer hitch angle is
and the data were processed in Mathworks MATLAB. Thghown in figure 8b.
simulation checked for collisions between all objects and angleThe simulation demonstrated that the formation—follow-
constraints at each time step in the simulation. In the eventraf algorithm was valid for typical combine paths. The
violation, the optimization routine developed a new, collisiorkinematic software simulation did not, however, include
free pathway. For the path and vehicle dimensions used in\héicle dynamics in the model. Two—-wheel and four-wheel
simulation, the trailer’s nominal trajectory would cause collirehicles with kingpin—mounted or hitch-mounted trailers
sions between the tractor and the combine, as shown in figffige 1) all exhibit the property of differential flathess. The
7a. After optimizationAx = 0 andAy = 1 ensured no collisions, specific derivations of the vehicle model vary based on hitch
as shown in figure 7b. The algorithm was able to develop @md vehicle type; however, all four cases remain differential-
optimal path to ensure a collision—free trajectory, reasonabjeflat. The property of differential flatness allows the
rotation angles, and that the combine discharge auger wasitionsof the tow vehicle to be calculated from the position
within the cart for the entire flavay. Snapshots of the vehicleof the final trailer in the sequence. Because both the
positions are shown in figures 7a and 7b. four-wheel and two—-wheel case are differentially flat and

The optimization considered multiple vehicle constraintexhibit parallel models, a robotic simulation using two-
Vehicle constraints included: (1) ensuring no collisiongtsheel vehicles is a valid method of testing the use of
(2) maximum possible steeriagles oftn/3, and (3)maxi- differential flatness in formation following.
mum trailer hitch angles afn/3. As shown in figure 8a, the Differential flatness is the key element that links the
auger to trailer center distance was well within the 2.5 different trailer types. Whether hitch-mounted or kingpin-
radius specified by the trailer dimensions X55 m), mounted, the entire system is differentially flat. This
indicating that the auger remained inside the trailer for tdferential flatness property is used in the research presented

to plan and control the motion of the vehicles. Changing

Figure 7. Snapshot sequences in the simulation, showing the positions of the combine, tractor, and trailer during the simulati(a) pre—optimization
and (b) post-optimization.
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Figure 8. Vehicle constraint plots: (a) auger to trailer center distance and (b) trailer hitch angle.

in figure 9. Pre—optimization and post-optimization refer-
ence trajectories are shown in figure 10a. The optimized ref-
erence and actual robot trajectories are shown in figure 10b.
Videos of he robotic simulation are available at: http://mech-
sys4.me.udel.edu.
The initial conditions at timé= 0 were chosen ag = 0,
Yo =0,8c = 1.06,% = —0.68,y; = —0.19,6; = 1.22,x; = -0.48,
Yp = 0.35,6p = 1.12. All positions are given in meters, and all
angles are in radians. After optimization, the coefficients of
the deviation distanceR] were generatediy = 0.000,a; =
-3.075x 102, ap = 2.777x 1073, a3 = 8.329x 107>, a4 = 7.460
x 1077, bp = 0.000,b; = -8.401x 1073, by = —6.164x 107,
bs = 1.427x 107, andby = —2.295x 107/. The feedback gains
Figure 9. Sample image from the robotic simulation. determine the convergence and were experimentally deter-
mined ask; = ko = kg3 = 0.5. The mean error between the
between hitch-mounted and kingpin—-mounted trailers changeference and actual trajectories is listethbie 1. As shown
the specific derivation, but not the conclusions presented. in figure 10b, the actual robot trajectories closely followed
After simulating the algorithm in C/C++ and MATLAB, the reference trajectories.
iRobot Magellan Pro robots were used to test the conceptFrom the results of this experiment, it is clear that the
The combine discharge auger, header, and trailer were adalgdrithms are feasible to implement real-time responsive
to the two Magellan Pro robots to better simulate the agricbkhavior with currently available hardware.
tural systemThe dimensions of the physical simulation were Differences exist betweedhe softwaresimulation,robot-
approximately 10% of the real-world system. The combimg simulation, and physical implementation. The software
path was arbitrary and sized to fit the available space witlsimulation shows that differential flatness—based formation
the lab. A sample image from the robotic simulation is shoiwilowing is avalid approach for typical agricultural vehicles

Tractor post-optimization " Tra;:tor optimizati tra';cto : : : : : {
| traectory g i P Jsctory 35kt Tractor s——— }

'S 25 =
5 s Trailer post-optimization trajectory 5
B / 3
H Combine traject o
8 . "‘ &——Combine trajectory 8
= >
1
05 :
’/ ”’,
(a) : . Trailet pre imization trajectory
0 £ - ; : : :
28 2 8 B 05 ° E i 5 : 28 25 2 A5 -1 0.5 1] 05 1 15 2 25
*x" position [m] "' position [m]

Figure 10.Combine, tractor, and trailer trajectories: (a) pre—optimization and post—optimization reference trajectories, andlf) reference and actual
robot trajectories.
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Table 1. Mean error inx andy coordinates. Callahan, V., P. Chernett, M. Colley, T. Lawson, J. Standeven, M.

Coordinate Combine Trailer Tractor Carr-West, and M. Ragget. 1997. Automating agricultural vehicles.
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