
 Abstract—This paper presents a collaborative farming operation 
system composed of an outdoor unmanned aerial vehicle (UAV), 
which is a quadrotor, and an unmanned ground robot (UGV) with 
a tracked mobile platform. Both UAV and UGV are connected by 
an electric cable that lets the UAV extend the working time in the 
farm field. In order to execute the farming missions, a path 
planning algorithm is applied to generate a feasible path with 
some restrictions of both UAV and the UGV. A trajectory 
tracking control with input constraints is proposed and 
implemented to track the designed path from the path planning 
algorithm. Simulations and experimental results are well used to 
show the effectiveness of the two proposed methods by analyzing 
their output results. 

 Index Terms—path planning, trajectory tracking control, 
nonlinear control, unmanned aerial vehicle (UAV), unmanned 
grounded vehicle (UGV). 

I. INTRODUCTION

OOPERATIVE operations of autonomous ground robots 
and drones have become popular for various applications 

such as warehouse system, navigating system, farming system, 
military, and so on.  The UAV has the merits of overcoming 
complex terrain and nice vision on top but has the disadvantages 
of low power storage and low loading weights. The authors in [1] 
showed that the segmentation technique attached on the UAV 
had an ability to monitor the condition of grass in a farm. On the 
contrary, the UGV is able to carry large loading weight and a 
battery with large storage but is limited to move on relatively 
flat terrains. The collaborative system that composes of two kind 
of vehicles could take the merits of each other. Thus, much 
research and investigation have been conducted to construct 
such collaborative systems. The studies in [2]-[3] reported 
successful applications of such collaborative robot systems. The 
authors in [2] showed that the UAV safely took off from the 
UGV, tracked the UGV in the air and landed on the top platform 
of the UGV for charging, while the authors in [3] adopted a 
tether connecting with the UAV and UGV, and set up a fulcrum 
such that the UAV could pull the tether cross the fulcrum 
helping the UGV to climb the cliff. 

The research about path planning is pretty rich. It is an 
importance issue that robots need to automatically search a 
collision-free path, complete the tasks and optimize their path 
with some specific restrictions. Generally, the path planning 
method can be separated into two classifications: graph search 
methods and geometric methods. One of the methods belonging 
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to the classification of graph search is a well-known algorithm 
in [4]-[5], which generated the shortest path. On the other hand, 
the geometric methods are inspired by the original geometric 
patterns such as circle, line and arcs to find feasible paths. The 
authors in [6] generated the Bezier curve path including obstacle 
avoidance for a mobile vehicle in real-time. In addition, the 
trajectory control, path planning and navigation of wheeled or 
tracked mobile platforms were referred to [7]-[11]. 

Inspired by the aforementioned studies, this paper aims to 
integrate a new path planning algorithm and a constrained 
trajectory tracking controller to carry out the collaborative 
missions in a farm field. In order to extend the operation time of 
the UAV, there is a power cable connecting with the UAV and 
UGV. The UGV carries a battery with the large storage capacity 
to provide required power to the UAV. Because the power cable 
will droop under the influence of the gravity and cause the 
damage to the plants, it is necessary to model the drooping cable 
to ensure that it will not contact the tip of the plants. With the 
restriction of the cable length, the path planning algorithm is 
applied to generate a proper path for both robots. To ensure the 
well-covered working area in the field during the farming 
missions, the Boustrophedon path is chosen for the UAV. Once 
the path has been produced, the nonlinear trajectory tracking 
controller will be proposed to track desired paths and 
accomplish desired farm missions. 

The rest of this paper is outlined as follows. The overall 
system structures are described in Section II. Section III and IV 
respectively describe the path planning algorithm and trajectory 
tracking control with input constraints. Section V presents the 
simulation results of two proposed methods and analyzes them 
using MATLAB. Section VI conducts and discusses the 
experimental results. Section VII states the conclusions and 
future work of the paper. 

II.  SYSTEM DESCRIPTION

This section is aimed to describe the system structure of the 
proposed system and system configurations of the UGV and 
UGV. This collaborative system can be used for air surveys, 
pesticide spraying and plant condition maintenance. Fig. 1 
shows the proposed collaborative farming system, where one 
UAV, AR Drone 2.0, is equipped with the control board, 
Arduino Nano, and Bluetooth 4.0 module, and one UGA is a 
tracked mobile robot carrying  large batteries, a set of iBeacon 
devices and one RealSense camera. The iBeacon module using 
Bluetooth is employed to find the current position of the UGV 
using the measurements of RSSI values and least squares 
method when the robotic farming system works for indoor 
apparatus or protected agriculture. The RealSense camera is 
used to find features surrounding the working space and proceed 
with moving path planning if autonomous navigation is needed 
for the UGV used in a tomato planting field with facility of 
protected agriculture. 
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Fig. 1. Illustration of the proposed farming system using collaborative UAV 
and UGV.   

Fig. 2. System structure. 

To increase extra loading weights, we removed the battery 
on the UAV to provide more space for the control board, and 
added a cable to connect the UAV to the UGV, thus delivering 
the power of the UAV from the UGV. Note that there is no 
battery on the UAV, and a large storage battery is mounted on 
the UGV in order to provide the main power for each UAV and 
UGV. Both UAV and UGV are remotely commanded by a host 
computer which is a personal computer (PC). Fig. 2 depicts 
detailed system structure of the robotic faming system. 

III. PATH PLANNING 

This section is dedicated to describe a revised 
Boustrophedon path planning algorithm to generate a desired 
path for both UAV and the UGV. It is necessary that the UAV 
maintains a constant speed flying through the farm to ensure the 
well-distributed survey and spraying range in such air surveys 
and pesticide spraying missions, and the UGV needs to follow 
the UAV so as to provide power or pesticide for the UAV. Since 
there is a cable connecting with both robots for power supply, 
two robots must be held in a tolerant distance preventing the 
cable from being broken or interfering the poses of both robots. 
By modeling the hanging cable, the tolerant length can be 
obtained and the tolerant distance between the UAV and the 
UGV in farm field can be ensured. The UGV is limited to move 
only on the ridge of the farm field. The purpose of this algorithm 
is to consider the limitations that have been aforementioned and 
to find the feasible path for both UAV and UGV. 

Fig. 3. Parabola model. 

Fig. 4. Cable length calculation model. 

A. Cable Separation
In the subsection, we model the hanging cable to find the

tolerant length. Since the hanging cable is not an idea catenary, 
it is required to separate the cable into two sagging parts and 
use the parabola approach to gaining the position of the first and 
second sagging points. The side view of the parabola cable 
modeling is shown Fig. 3, where Pj is the position of junction 
between the first and second sagging points and Pa is the 
position of the UAV. Furthermore, d1 is the first sagging degree, 
C is the focus and c is the distance between C and the origin, ha 
is the height of UAV with respect to the top of the UGV, l1 and 
l2 are the projection of the first and second sagging to the 
ground, respectively. ls denotes the sum of two projections and 
equals the 2D distance between the UAV and the UGV. We 
have the parabola function Γ: x2=4cy and substitute it by Pj(l1/2, 
d) and Pa(ls - l1/2, ha + d) expressed by

2
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Then, find l1, which is the solution of (1) and (2) as below. 
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Fig. 5. Flow chart of the proposed constrained path planning algorithm. 
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B. Hanging Cable Model
The first and second sagging cable is described as the circle

arcs with different radius of r1 and r2. For the position of 
junction between the first and second sagging points has been 
found, the cable model is depicted as in Fig. 4. The lengths of 
the first and second parts of the sagging cable, L1 and L2, are 
calculated by the following equation. 
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where hg is the height of the UGV, hr is the height of farm ridge, 
hp is the height of plant, d1 and d2 are the sagging degree of first 
and second parts of sagging cable, respectively, θ1 and θ2 are 
the angle of arc of first and second parts of the sagging cable, 
respectively. It implies that the total power cable is Lsum=L1+L2. 
Once the cable has been pulled tight, it provides additional 
running range that the UAV and UGV have to keep with each 
other. The tolerant distance is described as below. 

2 2
1 2( )t sum aL L l l h= − + +  (6) 

It is impossible to maintain a certain distance between two 
robots during the whole farm missions because the velocity 
curves or magnitude of acceleration are different from each 
other. The tolerant distance gives the buffer to cancel the 
distance difference occurred by accelerating or decelerating on 
the UAV and the UGV. 

C. Revised Boustrophedon Path Planning Algorithm
Once the model of power cable and tolerant length has been

obtained, the 3D modeling of the UAV and the UGV can be 
established in the farm field. The primary ideas of this 
algorithm are to let the UAV keep fly at a current speed when it 
passes through the farm field in the Boustrophedon path. The 
UGV must follow the UAV and moves only on the ridge with a 

tolerant distance by the tolerant length Lt for power supply. The 
flow chart of the path planning algorithm is elaborated in Fig. 5. 
In the initialization stage, both UAV and UGV get started at the 
respective starting points outside the farm field with a distance 
Lsum and ready to go the next stage. 

The UGV will be the first one getting into the field. The 
entire algorithm is divided into 5 general cases and one 
judgment. 

Case 1: Bombing Mode 
In order to have a current speed during the mission 

procedure in the field, the UAV and UGV start up with a 
respective acceleration and keep at the same current speed to 
maintain a fixed distance. Two robots move along a straight 
line through the field, and the UAV is able to execute a desired 
mission. The velocity profiles use the trapezoid velocity 
profiles on both robots. When the UGV is closed to the angle 
with a braking distance, it is the cast point that both UAV and 
UGV go to the next case. 

Case 2: Turn at the Corner 
In this case, since the UGV is moving to the corner and 

about to turn 90 degrees, the preset velocity is no longer 
required on the UAV and UGV. After entering in this case, the 
UGV executes the velocity planning which decelerates, spins 
90 degrees, accelerates and keeping at the preset velocity. This 
multi-trapezoid velocity program will let the UGV move to the 
horizontal ridge. On the other side, the UAV is going to hold in 
a proper position with the default cable length Lsum when the 
UGV is moving to the nearest point to it on horizontal ridge. 
The velocity planning of the UAV will decelerate, keep at the 
preset velocity and then decelerate to move back to the desired 
proper position. If the UGV move to the nearest point to the 
UAV when the UAV is holding at the proper position, it is the 
cast point that two robots go to the next case. 

Case 3: Horizontal Movement 
In the beginning of this case, the total cost time is obtained 

by calculating the spending time that the UAV moves to the 
horizontal ridge in the preset velocity. During the preset 
velocity stage, the UAV can continue the farm mission. The 
total cost time is the input of the trapezoid velocity program 
including movement in the preset velocity and deceleration to 
stop on the UGV.  The jump point in this case is that when the 
UAV flies out from the field. 

Case 4: Move to the Next Row 
The general motion of the UGV in this case are to  move 

horizontally to the corner in Case 2, spin and go into the straight 
ridge in Case 1. On the other hand, the UAV will be kept at a 
certain distance between the UGV and UAV, and fly with a 
shape of a half playground to get into the next row. The relative 
position between two robots is described as follows; 

2 2 2: ( ) ( )
:
:

g g g s

rd rd

rn rn

C x x y y l
L x x
L x x

− + − −

−
−

 (7) 

where the Pugv(xg, yg) is the current position of the UGV. The 
position of the UAV must be the solution of the circle function 
Cg. Then, we generate two line functions Lrd and Lrn which are 
the current row and the next row. Find the solution points by 
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Fig. 6. The sketch map. 

three equations. With respect to the last position of the UAV, 
the nearest point is the next moving point. 

Similar to Case 3, there is a total cost time which is the 
spending time coming from the trapezoid velocity program on 
the UGV. At the final stage, both UAV and UGV will prepare 
to move with a preprogrammed velocity which means that it is 
time to go to Case 1. 

Case 5: Move to the Next Row and Opposite Ridge 
This case is similar to Case 4. The only difference is that the 

UGV has to move to the opposite straight ridge to maintain the 
default cable length Lsum once the UAV has finished half 
number of the rows.  

Judgement: 
In this judgement stage, the main determination factor is the 

number of the rows that the UAV has run. If the UAV has 
finished the half number of the rows, Case 5 will be the next 
stage. The reverse is Case 4. Once the UAV has run all over the 
rows, the whole algorithm is completed. 

In general, both UAV and UGV are kept in the default 
distance generating by the cable length Lsum. If there are some 
conditions occurred, two robots will still be in the extended 
range offered from the tolerant length Lt. The main ideas of this 
path planning algorithm is sketched in Fig. 6, where the 
Pugv(xg , yg) and Puav(xa, ya) are respectively the positions of 
the UGV and UAV, wf and Lf are the width and length of the 
field, dr is the width of the ridge, drp is the width of the first row 
to ridge, drtr is the interval of rows, dover is the distance of the 
UAV running over the field, and dp is the interval of the plants. 

IV. TRAJECTORY TRACKING CONTROL WITH INPUT
CONSTRAINTS 

This section will design a constrained tracking controller 
implementing on the UGV to track the paths generated by the 
path planning algorithm. The idea of this nonlinear control 
method is to consider the velocity constraints of the driving 
motor and show the constrained nonlinear controller to be 
asymptotically stable when time goes to infinity. 

A. Revise Boustrophedon Path Planning Algorithm
The overview of the UGV structure is shown in Fig. 7. With

the overview, we drive a kinematic model of a differential 
mobile robot with two velocity-controlled wheels as below. 

Fig. 7. UGV structure. 
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The kinematic path tracking control problem is to find a 
local trajectory tracking control law with speed constraints so 
that the UGV can asymptotically follow the desired moving 
trajectories expressed by 

( )r r rq S q µ= ⋅   (11) 

where qr(t)=[xr yr θgr]T and μr=[vgr ωgr]T. We define the errors 
between the actual and desired postures x , y , gθ  as 

r r gr gx x x y y y θ θ θ= − = − = −        (12) 

With these defined errors, the tangential error e1(t), the 
normal error e2(t) and the orientation error e3(t) can be found 
via  the subsequent matrix 
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Differentiating the errors with respect to time obtains 
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B. Control laws with Speed Constraints
Notice that all the transformed errors, e1(t), e2(t) and e3(t),

are continuous and bounded, the original errors, x , y , θ , are 
bounded and continuous. This means that when e1(t), e2(t) and 
e3(t) approach zero when times goes to infinity, it follows that 

( )x t , ( )y t , ( )tθ  approach to zero when time goes to infinity, 
namely that 

 1 2 3lim ( ) 0, lim ( ) 0, lim ( ) 0
t t t

e t e t e t
→∞ →∞ →∞

= = =  

if and only if lim ( ) 0, lim ( ) 0, lim ( ) 0
t t t

x t y t tθ
→∞ →∞ →∞

= = =  . 
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Fig. 8. Case 1: Bombing mode. 

Fig. 9. Case 2: Turn at the corner. 

To stabilize the system (14), the control laws of vg and ωg 
are proposed as follows; 

1 1 3 1

2 2 3 3 2 3
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g gr
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such that the closed-loop error system becomes 
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Consequently, the speed commands of the right and the left 
driving wheels are obtained from ωr=dcω+(vgR/2) and 
ωl=-dcω+(vgR/2), respectively. 

C. Lyapunov Stability
To show the local asymptotical stability of the closed-loop

error systems, we find the following Lyapunov function 
candidate and consider the error trajectories nearby the origin 

( ) ( )2 2
1 2 3 2

1 1 cos2V e e e k= + + −  (17) 

Taking the time derivative of V along its trajectory gives 
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   
 (18) 

Fig. 10. Case 3: Horizontal movement. 

Fig. 11. Case 4: Move to the next row. 

Definitely, V is semi-negative definite. According to 
Barbalat’s lemma and the Lasalle’s invariance principle, if vgr is 
positive and nonzero, then e1(t) and e3(t) approach zero as time 
goes to infinity, i.e., 1lim ( ) 0

t
e t

→∞
=  and 3lim ( ) 0

t
e t

→∞
= . 

From (17) and (18), if follows that e2(t)∈L2 and e2(t) are 
continuous and bounded and 2lim ( ) 0

t
e t

→∞
= , this implies 

that 2lim ( ) 0
t

e t
→∞

= . Finally, we prove that e1(t), e2(t) and e3(t) 
approach zero asymptotically. From (13), and it follows that 

( )x t , ( )y t , ( )tθ  must locally approach zero when t→∞. 

V. SIMULATION RESULTS AND DISCUSSION

This section provides two illustrative scenarios to explore 
the effectiveness and superiority of our proposed path planning 
algorithm and trajectory tracking controller executing in 
discrete time. Both examples are simulated by using MATLAB 
with units of meter and degree. In the first example, we 
initialize the power cable model by setting d1=0.35, ha=1 and 
ls=4. The projection of the first sagging to the ground can be 
calculated by l1=0.879. Next, we input the further information, 
d1=0.15, hg=0.3 and hr=0.3, thus finding that the total length of 
the power cable is Lsum=4.4793. This implies that the tolerant 
length is Lt=0.1131. Finally, we establish the information of the 
farm field by setting wf=8, Lf=12, dr=1, drp=1, drtr=1, and dp=1. 

Figs. 8-11 show the simulation results of the proposed path 
planning algorithm that generates the trajectory path for both 
UAV and UGV. The blue line in the figure denotes the ridge of 
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Fig. 12. Simulation result of trajectory tracking. 

Fig. 13. Simulation result of the tracking errors (ex, ey, etheta). 

the farm and the orange line represents the Boustrophedon path 
that the UAV executes. The circle and star icon represent the 
current positions of the UAV and UGV, respectively. In any 
cast time, two robots are keeping in the tolerant range. 

The second simulation is carried out to show the 
effectiveness of the proposed constrained trajectory tracking 
controller mounting on the UGV. The parameters of the 
controller are decided by k1=4, k2=8 and k3=4. The reference 
path is given by the path planning algorithm we have 
aforementioned. The current speed and acceleration are set by 
0.4 m/sec and 0.1 m/sec2. Fig. 12 shows the tracking results by 
using the trajectory tracking controller on the UGV. The red 
line denotes the tracking path which is almost overlapping the 
reference path, which means that the tracking controller is well 
effective. Fig. 13 depicts the simulations results of three errors, 
the tangential error e1(t), the normal error e2(t) and the 
orientation error e3(t), during the whole tracking procedure. 
Both tangential and normal errors approach zero in a little time 
which implies the merits of the proposed trajectory tracking 
method. The orientation error below 50 degrees occurred at the 
time when UGV moved to the corner and turns 90 degrees. On 
the contrary, the orientation errors exceeding 50 degrees are 
caused by the isometric angle. It means that it has no influence 
during the tracking phase. 

VI. EXPERIMENTAL RESULTS AND DISCUSSION

This section conducts two experiments to examine the 
applicability of our proposed trajectory tracking controller with 
path planning algorithm executing in an indoor facility 
agriculture environment. In order to obtain the tracking errors 

Experimental UGV
Equipped with SBC, MCU, 
Bluetooth Module, RTK-GPS, 
Power Module, ...

Experimental UAV
Equipped with Bluetooth Module, 
Communication Module, Power 
Module, ...

Fig. 14. Appearances of the experimental UGV and UAV. 

Fig. 15. Block diagram of the overall control system. 

during the real-time experiments, we fused the odometry and 
iBeacon (indoor localization with Bluetooth module) or 
RTK-GPS (outdoor localization) as the internal localization 
method and installed the laser beam on the robot, in order to 
point to the ground as the external scaler. Fig.14 shows the setup 
of both experimental platforms, and Fig. 15 depicts the control 
block diagram of the whole system. 

The first experiment is carried out to show the performance 
of the UGV to move along our designed farming environment. 
The experimental farming environment is overviewed in Fig. 
16, where its size information is displayed. Fig. 17 depicts the 
trajectory tracking result of the proposed method in which the L 
shape path was generated by the farming path planning 
algorithm in Fig. 12. The current velocity was set at 0.4 m/sec 
and the velocity and angular speed was planned by using the 
trapezoid curve velocity programing. The results in Fig. 17 
indicate the proposed nonlinear control method effectively 
steered the UGV to move along the planned path via the 
farming path planning algorithm.  

The second experiment is conducted to show the trajectory 
tracking performance of the UAV. The results in Fig. 18 reveal 
that the UAV followed the path generated by the proposed path 
planning algorithm. The third experiment is performed to 
demonstrate the proposed collaborative farming robot system, 
which are composed of an UAV and an UGV with a differential 
tracked mobile platform. The proposed path planning algorithm 
was applied to generate the feasible path for both UAV and 
UGV with the restriction of power cable and collaborative 
formation. As the result in Fig. 19, both robots steadily moved 
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Fig. 16. Schematics of the experimental farming environment. 

Fig. 17. Experimental pictures of tracking result of the L-shape path trajectory. 

along the farming field without interfering the poses of each 
other, which thus verified the effectiveness of the proposed 
method.

VII. CONCLUSIONS

This paper has presented a collaborative robotic farm system 
using one UAV which is a quadrotor, and one UGV which is a 
tracked mobile platform. The overall system structure has been 
designed, and the main research methods, including the 
proposed path planning algorithm and constrained trajectory 
tracking law, have been proposed for such a farming system. 
Through simulation and experimental results, both methods 
have been shown effective in planning and controlling 
movements of both UAV and UGV. Future work will be 
conducting more experiments to show the effectiveness of the 
proposed robotic farm system in a real farm.
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