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Abstract: This study presents a prototype design of electric mowing robot. Its core system consists of a micro-
controller, sensing modules (including ultrasonic sensors, laser range finder, electronic compass, and odometer),
and power module, which allows the robot the ability to travel independently and complete obstacle avoidance. The
data fed back by the electronic compass and odometer module can help obtain the heading of robot. Through dead
reckoning, the dual motors can be driven in real time to adjust speed and position, and the information sent back by
the laser ranging finder can provide information to the robot to determine areas that have not been mowed. The
ultrasonic sensors are to perform obstacle avoidance capabilities. The dual front-motors of robot are driven by
direct-current (DC) pulse width modulation (PWM) modules, while the mowing device trimmer head, installed at
the bottom of the robot, uses jagged blade and a mowing plate. At the side of the mowing plate, a baffle is installed
to avoid weeds and small stones. The heading control system can be implemented through a graphical user interface
(GUI) for remote operation to perform manual and automatic mowing. The experimental results suggest that, in
modified mowing paths, the ranging error of the mowing robot designed in this study is 3.2±0.1 (standard deviation
[SD]) cm, and its maximum mowing coverage rate is about 90 %.

Additional index words.: Dead reckoning, micro-controller, graphical user interface

BACKGROUND

As technology continues to progress, intelligent robot technology has matured and been gradually introduced
into public livelihood and military purposes. The autonomous robots include, cleaning robots [1], mining
robots [2], gardening robots [3][4], mowing robots [5][6], and a variety of mobile-type robots [7–9] have
been commercialized and marketed. Regarding the development of the mowing robots, from the early
period conventional cylinder lawnmower to the modern human-pushed lawn mower, riding mowers, and
knapsack mowers [10], the designs of the machines and systems are becoming increasingly lightweight
and autonomous. In 2006, Nourani-Vatani proposed the large-scale autonomous mower [11], which integrated
global positioning system (GPS) receiver, inertial measurement unit (IMU), laser scanner, and video camera
for synchronous mapping in order to realize the purpose of random routing planning and virtual ground
obstacle avoidance. In addition, some designs attempt to use sensor fusion method for positioning, and
integrate GPS with vision, ultrasonic, or optical microelectromechanical sensors (MEMs) to complete
automatic mowing [12–14]; however, as these mowers have very high development costs. In recent years,
there are intelligent electric mowers available on the market [15–18], which are more suitable for mowing
in a small area and are relatively inexpensive, and thus, are relatively easy to be accepted by the public.
Therefore, under the premise of low-cost development, and in the case of a known mowing path, this study
proposes using only the electronic compass and odometer to implement robot dead reckoning. Combined
with a proportion-integral-derivative (PID) controller to precisely adjust the motor speed, it allows the
robot to achieve short-distance straight traveling and cornering functions with high positioning accuracy.
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In addition, the robot is installed with 6 sets of ultrasonic and laser modules, as well as the human-machine
interface for remote operation, which empowers the mowing robot to have the capabilities of obstacle
avoidance and orientation judgment of the area without mowing.

The remainder of this paper is organized as follows: Section 2 introduces the robot motion model, dead
reckoning method, and rotation speed and rotation angle control principles; Section 3 describes the robot
system design process, including the mechanical design, software design, and hardware architecture; Section
4 discusses the experimental results; Section 5 offers conclusions and suggestions for future works.

MATERIAL AND METHODS

This section describes the skid-steering wheeled robot’s motion equations; dead reckoning; how to apply
the PID method to achieve the purpose of controlling the rotation speed of both wheels; illustrates the
robot’s motion equations; elaborates on how to use the heading and rotation speed data obtained by the
electric compass and odometer to complete the dead reckoning function, and describes the process of using
the PID controller to control the left and right rotation speed of motor and rotation angle.

1. Robot mathematical model

It is presumed that the mobile robot’s working environment is known, and the coordinate system of the
robot is the same as that of the working space. Regarding the double-wheel robot motion model, if friction
and attitude of the robot is not considered, the ideal motion equations are as shown in (1) and (2)
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where m denotes the distance between the two wheels of the robot, and � �� �  represents the angular speed
of robot. According to (1) to (4), the robot’s linear speed and steering speed do not affect each other.
Therefore, the user may adjust the rotation speed of both wheels to obtain the required linear speed and
steering speed.

2. DEAD RECKONING

Dead reckoning is defined as the estimation of the next position by robot displacement ( + )
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of the odometer model in each time interval. Thus, the motion model of robot can be defined as [19][4].
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Equation (5) can be rewritten into:
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The realization of dead reckoning for the proposed mowing robots is to use the electric compass to
obtain the current heading angle of robot and utilize the encoders installed inside both wheels to compute
and estimate the rotation angles of both wheels and displacement. Combined with the absolute positioning
information, as obtained by the electric compass, it can adjust its heading orientation. If �

T
 represents the

expected orientation angle, the angle between the robot and magnetic north is 1tan (Y / X)� �� ; therefore,

the heading angle of the robot should be adjusted by:

T� � �� � (7)

By iteration of (7), the heading angle can be obtained. After the introduction of the PID controllers, the
outputs of V

L
 and V

R
 can be determined to adjust the robot to return to the expected heading.

3. MOTION SPEED RECKONING

In the process of robot movement, the encoders of both wheels can obtain the travel distance information of
both wheels. The differentiation of the distance against the time can result in the motor rotation speeds of
both wheels, as shown in (8) and (9):
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where �t is the sampling time. When the electric compass and PD controller can adjust the robot to the
targeted heading, how to maintain the robot to move in a linear path depends on the encoders. Provided the
settings of the outputs of the encoders of both wheels are known, the robot movement can maintain a straight
line. In addition, the encoders can obtain information regarding the rotation angle, through which the rotation
speed information can be indirectly obtained. The PI controller enables the rotation speeds of both wheels to
maintain the same speed, thus, without skidding or a bumpy road surface, the path of the robot can be straight.

4. PID CONTROLLER

The PID controller is an indispensable element commonly seen in the feedback control system, which
compares the output of the feedback system, and the expected reference value and error are then regarded
as the input of the PID controller. The new input value can allow the feedback system output to reach or
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maintain the expected value. The PID controller is able to adjust the system input according to the output
values of the feedback system, which renders the system more stable. In the PID control system, the errors
can be eliminated by three computational methods, and future errors can be predicted according to the
average of previous errors and changes in the errors, as shown in (10).
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where U(t) is the control amount, e(t) is the error value, K
D
 is the differential coefficient, K

P
 is the proportional

coefficient, and K
I
 is the integral coefficient. In the proposed system, the encoders, electric compass, and

PID controller are somewhat correlated. This study used two sets of PID controllers to control the rotation
speeds of both wheels. First, through (8) and (9), the distance values, as measured by the encoders of both
wheels, are converted into the rotation speeds of both wheels. The moving speeds of both wheels and
expected speeds, that is, L

TV  and R
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L
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R
, as shown in (11) and (12).
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Through the adjustment of three parameters, including K
P
, K

I
, and K

D
, the rotation speeds of both

wheels can be maintained as the expected values. In general, the three control parameters of the PID control
system are not used at the same time. In this paper, when the motor rotation speed error amount is zero, the
control system requires output values to use PI controller. When the motor error amount is zero, the control
system uses the PD without requiring the output (the latter is used for angular control), while K

P
 allows the

system output response to rapidly approach the target value. However, an excessive response may generate
overshoot and even instability. Where K

D
 adjusts the system response time and can suppress overshoot;

while K
I
 can reduce the steady state error.

This study uses the trial-and-error method combined with the Ziegler-Nichols method to regulate the
PID parameters. First, the K

P
 is adjusted until the system generates a shock and the system response reaches

the boundary steady state. The proportional gain reaching the condition is defined as C
PK . Next, suitable K

I

and K
D
 parameters are determined. Table 1 illustrates the parameters used by the PID controller, where, the

period of time is defined as T
c
.

If a PID controller and encoders are used, various factors, such as skidding, a rough road surface, and
the error of tire diameters, may lead the robot to deviate from the expected route. In this case, an electric
compass should be applied to adjust the heading angle. When the robot is off track, angle of magnetic north
and expected orientation angle have errors in the heading angles. The error can be input into the PID
controller to adjust the angle by PD control before switching back to the PI controller.

In addition to the use of PID control, many other control methods can be used, such as sliding fuzzy
control, neural network control, adaptive control, etc. However, in the actual study, when it is difficult for the
controlled system to obtain an accurate mathematical model, the control theories will be more difficult to
achieve and apply. In this case, the controller structure and parameters should be adjusted according to experience
and occasions of use. The application of the PID control technology is convenient and effective in the adjustment
of parameters. This is one of the reasons such technology is widely preferred by the industry.

SYSTEM DESCRIPTION

This section explains the mechanism design process, including the planning of a prototype of robot, and the
design of the mowing disc and motor drive coupling; in addition, it includes software and hardware planning
and design, and integration of the entire system.
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1. Mechanism Design

The proposed mower’s mechanism includes the load platform, the transmission mechanism, and mowing
device [20]. The mechanism design is as shown in Fig. 1. The total weight is 30 Kg. Regarding the load
platform design, first, a 60500.5 (lengthwidththickness) cm aluminum board is served as loading/carrying
platform, on which circuit boards, sensor module, and fuel cell are applied. The four points at the corners of
the board are connected with the aluminum frame, on which the acrylic board is placed, which consists of
front and rear pieces. The skidding rails are installed between the front piece of the acrylic board and the
frame to allow the acrylic board to move forward and backward. Therefore, it is convenient for the user to
check the circuits below the acrylic board. The rear board of the acrylic board is fixed in the aluminum
strips and the laptop is placed above it. The frame is sealed by using the acrylic board to protect the internal
circuit system and sensors. Below the loading platform, two DC motors of 25-kg torque and a mowing
motor are installed.

Regarding the transmission mechanism design, the mowing robot has four wheels, and is driven by the
dual front-wheels, while the two rear wheels are the auxiliary wheels. The front wheel diameter is 30 cm,
and its width is 8 cm. The diameter of rear two wheels is 20 cm, and its width is 6 cm. The coupling
mechanism between the motor and the wheels includes an L-shaped aluminum board to affix the motor, the
internal coupler, and the two bearing seats. The L-shaped aluminum is mainly used to elevate and affix the
motor in order that it can be smoothly linked with the wheel rims. The internal long coupler is to connect
the motor and the wheel rims, and the two bearing seats are to support the coupler to enhance the stability
of the motor during operation. The completed structure is as shown in Fig. 2.

The design of the mowing device mainly includes a high rotation speed motor and mowing disc. The
mowing motor torque is 1.2 Kg, rotation speed is 3750 rotor per minute (rpm), and the mowing disc is
round and affixed in one of the three holes of the extended motor axis. The adjustable height method
provides the user to easily change the mowing height. The mowing tool has been changed from the original
bowstrings to a jagged blade to effectively mow weeds and free the user from replacing the bowstrings.
Figure 3 demonstrates the appearance of mowing mechanism.

Figure 1: Mowing robot mechanism prototype
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Figure 2: Motor seat and coupler

Figure 3: Mowing device (motor module and jagged blade mowing plate)

2. Hardware Architecture

The mowing robot hardware architecture consists of a sensing module, heading control module, motor
driving module, mowing module, and alarm module. The system architecture is as shown in Fig. 4. The
sensing module mainly contains ultrasonic sensors, electric compass, and laser scanner. There are 6 sets of
ultrasonic sensors installed in the front part of the robot (2 sets) and both sides of the robot (two sets on
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Figure 4: Mowing robot system architecture. (a) System diagram; (b) The appearance of control box

(a)

(b)
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each side). Its main function is to detect whether there are any approaching objects in the surroundings of
the mowing robot, which is combined with an alarm system. The electric compass device can obtain the
current heading data of the robot and provide the data to the navigation control module for heading correction.
The laser scanner can provide the robot with the orientation of the area without mowing. The data can be
directly transmitted to the computer through the universal serial bus (USB) interface and displayed on the
graphical user interface (GUI); the navigation control module consists of computer and two sets of Arduino
microcontrollers. Wherein, the Arduino UNO controller is used to receive the data from the six sets of the
ultrasonic module, and the Arduino MEGA controller is to receive the orientation data sent back by the
electric compass and pulse signals sent back by the encoders of the two sets of motors. Combined with the
internal PID software program, it drives the dual motors and the DC motor inside the mowing module. The
alarm module includes a buzzer and warning lights. The module can prevent people from entering the
warning area by the warning sound to improve safety in use. In addition, the robotics mower is equipped
with GPS/inertial measurement unit (IMU) navigator which to achieve the function of positioning data
recording.

3. Software Interface

The proposed system plans a GUI implemented by the Labview software. The software provides simple
graphic connection blocks for users to design a suitable GUI. In the design process, the user is not required
to input any instruction command, but guides the object to the interface framework and connects it with the
corresponding object before setting the parameters. Figure 5 illustrates the appearance of the proposed
GUI. The interface can be mainly divided into communication transmission settings, control mode, and
monitoring window. Regarding the communication transmission settings, the interface provides the user
with functions to set the number of communication port, and the maximum and minimum detection distances
of laser rang finder [21]. The ranges within the orientations of 240° in front of the robot will be displayed
on the interface. It scans and measures a group of range values every 27 degrees. In total, nine range values
of mowing detection area can be displayed. The laser range finder is connected via USB with the computer.
Then, the NI-VISA communication firmware is installed to facilitate the connection and transmission of
data between the computer and the laser range finder. The data measured by the laser range finder mainly
allows the user to judge the mowing orientations in front of the robot by manual mode. Regarding the
control mode, the interface provides automatic and manual control modes. In the automatic mode, the
robot can move along a set path. Through the dead reckoner and PID controller, it can complete linear
moving, cornering, and obstacle avoidance. When the user switches to the manual control mode, the user can
take advantage of the four buttons to control the robot in moving forward, turning left, turning right, and
moving slowly forward. The graphically controlled buttons use the “Radio Buttons” object for the command
transmission between the Arduino controller and GUI. The object is provided by the toolkit of Arduino (Arduino
package). The user must only install the JKI VI Package Manager (VIPM) to add the components of the
Arduino package to the Labview library. Finally, regarding the monitoring window, the real time webcam on
the interface can provide the user with easy remote monitoring. For example, when the robot encounters an
emergency in movement, the user may immediately manually control the robot to prevent loss of control in
the remote end. The remote connection is realized by the remote connection of two computers through the
Team viewer software. When the connection is complete, the user may directly observe the image of the area
in front of the robot on the remote computer screen to realize the purpose of monitoring.

4. Navigation and obstacle avoidance

Figure 6 demonstrates the system control flowchart. First, the desired mowing path data is burned into the
memory on micro-controller board. Next, the graphical user interface (GUI) is evaluated through Labview
software. The user can select either automatic mode or manual mode to control the mowing robot. The
robot can follow the desired path which the user pre-defined under the automatic mode. When the robot
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Figure 5: Labview-based graphical user interface

Figure 6: The flowchart of robot operation
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detects an obstacle in the surrounding area, the system will switch from the navigation mode to the obstacle
avoidance mode. After confirmation of avoidance, it will switch back to the navigation mode. The head of
the mowing robot and both sides of the robot are installed with ultrasonic sensors. The distances between
the two sets of ultrasonic sensors are 40 cm. As the ultrasonic detection angle is 15 degrees, the effective
detection range is 100 cm. The configuration and implementation of the ultrasonic module are as shown in
Fig. 7. The detection range is divided into A, B, C, D, E, and F area. When the feedbacks of the six sets of
ultrasonic modules are transmitted to the Arduino controller, the internal program of controller will carry
out the object detection function. The function of obstacle avoidance mainly depends on the logic
computational table (as shown in Table 2) parameters for obstacle avoidance. The detection results of the
six ultrasonic sensors can be used to determine the rotations of the motors to allow the robot to move
forward, turn left, and turn right, thus, realizing the function of obstacle avoidance.

RESULTS AND DISCUSSION

This section discusses the performance test results of the proposed mowing robot, including three kinds of
experimental results, that is, the linear moving experiment, static and dynamic object obstacle avoidance
experiment, cattle plow, and spiral plow mowing experiment. Each experiment was repeated ten times.
Prior to various experiments, the sensors are corrected, battery power is confirmed, and the preset path data
of the robot is stored inside the controller. The experimental site is located in 120.6062 degrees east longitude
and 22.64658 degrees north latitude.

Figure 7: Sensing module. (a) Ultrasonic module configuration; (b) Robot implementation

(a) (b)

Table 1
PID parameters of the Ziegler-Nichols method

Type KP KI KD

P 0.5 K� C
P - -

PI 0.45 K� C
P c(0.54)/ T -

PID 0.6 K� C
P 1.2 K� C

P 0.0075 K T� �C
P c
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1. Linear moving

The experiment tested the straight movement of the robot. The distance was 10 m. The robot completed
dead reckoning through the encoders, and used the PID controller to adjust the rotation speed of speed. The
PID controller can regulate the right and left output voltage of motor drivers which results in different
speed of motors. It is noteworthy that PI control method is only utilized to maintain the same velocity
between right and left motor. The parameters of PID controller for right motor are 0 6�IK . , 0 08�PK . ,
and 0�DK ; The parameters of PID controller for left motor are 0 6�IK . , 0 0765�PK . , 0�DK .

Figure 8(a) shows the robot moving distance, while Fig. 8(b) illustrates the movement path. As seen,
ranging error was within 3.5 cm. For ten realizations, statistics computed are 3.2 0 1.�  (standard deviation
[SD]) cm in ranging error.

Table 2
Ultrasonic obstacle avoidance logic decisions

Logic state Output PWM
A & B C & D E & F Left motor Right motor Robot Behavior Alarm Status

1 1 1 0 0 Stop ON

1 1 0 200 100 Turn right OFF

1 0 Í 220 220 Forward OFF

0 1 1 100 200 Turn left OFF

0 1 0 200 100 Turn right OFF

0 0 1 220 220 Forward OFF

0 0 0 240 240 Forward OFF

Note: “1” represents the existence of an obstacle; “0” represents there is no obstacle ; “Í” depict “1” or “0”; “&” represents
“AND” logic operator.

Figure 8: Robot linear moving experiment. (a) Moving process; (b) Linear moving error
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2. Obstacle avoidance

The obstacle avoidance experiment was to observe the obstacle avoidance effect by placement of an obstacle.
The experiment was further divided into fixed object obstacle avoidance testing and human movement
obstacle avoidance testing. Figure 9(a) shows the movement path of the robot in the fixed object obstacle
avoidance experiment. As seen, the robot can complete fixed obstacle avoidance. The human movement
obstacle avoidance was to test whether the robot can automatically avoid any person appearing suddenly in
front of the robot. The robot movement path is as shown in Fig. 9(b). The movement coordinates data of the
robot were provided by the MTI-G device, and described by Google Map.

3. Cattle plow and spiral plow mowing

The cattle plow and spiral plow mowing experimental areas were square areas of 3.5 meters in length and
width. The experiment tested the robot’s mowing efficiency and analyzes the coverage rate after the first
mowing. The coverage rate of�  is defined, as shown in (13).

1 100%
�

�
�

� �
� � �� �
� �

(13)

� and � denote mowing area and the area without mowing. Figure 10 illustrates the path planning of the
cattle plow and spiral plow mowing experiments. In cattle plow mowing, the system stored the path data.
When the robot moved, encoders and the PID controller were used to compute the movement distance and

Figure 9: Obstacle avoidance experiment (a) moving path (fixed obstacle); (b) moving path (moving obstacle)

(a)

(b)
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Figure 10: Mowing path planning and mowing experimental path (without sensor calibration). (a) Cattle plow; (b) Spiral plow

(a) (b)

keep the robot moving in a straight line. Finally, the angular values sent back by the electric compass were
used to determine whether the robot has achieved the expected rotation angle of 90 degrees. The above
actions, repeated five times, completed the cattle plow movement. The PID parameters are the same as
linear moving test. The mowing area shown in Fig. 10 is black line denoted mowed area. The coverage rate
are 67% and 72.8% for cattle plow and spiral mowing, respectively. Meanwhile, the ranging error of cattle
plow and spiral mowing are 3.4±0.2 cm and 3.1±0.1 cm, respectively. As the angular data received by the
robot during turning are not accurate, it can result in turning errors and reduced coverage rate. Therefore,
the calibration of electronic compass is required repeatedly. In addition, the modified cattle plow method is
proposed to increase the mowing coverage rate which is shown in Fig. 11. The path data of modified
cattle plow is stored in the control system, which performs the robot movement operation from path #1 to
path #3.

Table 3 illustrates the average coverage rate under different sizes of mowing area (with sensor calibration).
Each of experiment tests under different sizes of mowing area is performed by ten times. The mowing
results demonstrate that higher average coverage rate is obtained by using modified cattle mowing method
in contrast to the use of others. However, the use of modified takes longer mowing time and results in
higher power consumption.

Table 3
Coverage rate comparison under different mowing method (with sensor calibration)

Mowing area (Length Average coverage rate (three realizations)
(L) × Width (W) (m))

Cattle plow Modified cattle plow Spiral

3.5×3.5 80 % 90 % 82 %

4×4 79 % 88 % 82 %

4.5×4.5 77 % 87 % 83 %

5×5 74 % 84 % 83 %

5.5×5.5 75 % 85 % 84 %
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Figure 12: The mowing experimental path with wide area

Figure 11: Modified cattle plow path planning
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Finally, the robot endurance test is performed in the real field. Fig. 12 demonstrates the maximum area
of mowing which the robot mows. It is totally 1400 m2 in area and the coverage rate of mowing is 84.3 %.
However, the robot stops moving at “A” point which is according to battery capacity, which results in un-
mowed areas located in middle area. Nevertheless, the proposed robotic mower is sufficient to provide the
user to manage the home lawn smoothly.

CONCLUSION

This study proposed an electric mowing robot prototype, which integrates the remote control interface and
micro controller. Free from the disadvantages of waste exhausts and high noise of conventional mowers,
the proposed robot can automatically mow along a preset path. The proposed robot has the following
functions: 1) in the case of a load of 35 kilograms, the speed can be up to 6 cm /second, and average
endurance can be 1030 m; 2) the linear movement ranging error is 3.2±0.1 (standard deviation [SD]) cm; 3)
6 sets of low-cost ultrasonic sensors can realize 270-degrees of obstacle avoidance; 4) mowing average
coverage rate is between 74 % and 90 % (depend on mowing path); 5) has remote monitoring capability. In
the future, IMU sensors and attitude calibration platforms may be added to allow the robot to move on
bumpy surfaces. Meanwhile, an automatic charging device can be added to increase flexibility in the use of
the robot. This robot can be applied in the maintenance and cleaning of a variety of turfs, as well as the
cleaning and management of waste cultivated agricultural land or fallow land.
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