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Trajectory planning and motion control of full-row seedling pick-up arm 

 
Ling Ren1,2, Ning Wang1,2, Weibin Cao1,2*, Jiangquan Li1,2, Xingchen Ye1,2 

(1. College of Mechanical and Electrical Engineering, Shihezi University, Shihezi 832003, China; 
2. Key Laboratory of Northwest Agricultural Equipment of Ministry of Agriculture and Rural Affairs, Shihezi 832003, China) 

 
Abstract: Frequent start-stops of automatic seedling transplanters would lengthen the seedling picking time due to alternating 
movement of the motor, and cause positioning errors and frequent motor vibrations when starting the machine.  To solve these 
problems and ensure the pick-up continuity of automatic transplanters, in this study the smooth circular arc interpolation 
algorithm and the least square method for multinomial curve fitting were used to conduct the trajectory planning of automatic 
transplanter based on the movement of the pick-up arm of the transplanter.  Velocity and time curves were fitted in segments 
to acquire motion control parameters and further tracking control was conducted.  The mathematical model of the control 
system was established using Simulink, and simulation analysis and system debugging test were performed.  Experiments 
show that the trajectory curves obtained by MATLAB’s data processing can realize the continual and smooth motion trajectory 
of the pick-up arm; stepper motor velocity control can effectively track the planning curve and improve the seedling pick-up 
efficiency.  The pick-up and pushing time of each motion of the planned plug seedling transplanter reduced by 1.0678 s and 
the start-stop times reduced from 6 to 1, which solved the frequent motor vibrations when starting the machine and improved 
the stability of the system.  In addition, overstep and out-of-step of the motor at the start-stop moment were avoided and 
displacement error was reduced. 
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1  Introduction  

Seedling transplantation is a good way to reduce the impact of 
storms, rains, snow, low temperature and other natural disasters on 
the crops during its seedling stage.  Timely transplanting can 
ensure the number of plants per hectare, improve yields and save 
seeds.  Seedling transplantation has been a critical process for 
pepper and tomato planting in Xinjiang, owing to its ability to use 
light and heat resources[1].  Current transplantation is basically 
realized manually or semi-automatically, which requires great labor 
with low efficiency[2,3], so fully automatic transplanter with 
automatic seedling pick-up and dropping mechanism becomes the 
research trend.  Pearson Automatic Transplanter (England) and 
Williames Automatic Transplanter (Australia) make accurate 
pick-up and dropping of seedlings by controlling the position of 
plug seedlings through vertical and horizontal pushing and 
positioning system[4,5].  These transplanters push the plug 
seedlings (hard plug) in rows with seedling pushing rod or pick out 
the plug seedlings in rows with needle-type seedling pick-up arm.  
The dry land transplanter designed in Italy can realize the turning 
over, positioning and dropping of full-row seedlings.  After the 
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pick-up mechanism gets out the plug seedlings, the full-row 
pick-up arm would turn over the seedlings and drop them into the 
seedling cup, and the seedling pick-up and dropping process would 
be finished after the turnover by Programmable Logic Controller 
(PLC) solenoid valve drive cylinder[1,6].  Wei et al.[7] developed an 
automatic motion coordination and control system for plug 
seedling transplanting.  This system is designed to coordinate and 
control the motion of the seedling pick-up mechanism, dropping 
mechanism, planting mechanism and transplanting mechanism.  
The system has realized the automatic control of pick-up and the 
dropping of plug seedlings.  But the process is not continual.  
The motor needs frequent start-stops, causing vibrations during the 
starting moment.  Besides, the pick-up and dropping process takes 
long, and the stability and working efficiency of the system are also 
unsatisfactory.  Xiao et al.[8] used an improved arc transition path 
planning algorithm based on tolerance to plan the tool path of 
numerical control machine tools, which realized the tool path speed 
planning and interpolation, and improved the transition speed 
between track segments and the efficiency of complex surface 
machining.  Niu[9] used the circular interpolation algorithm to plan 
the moving track of the end actuator of the palletizing machine, 
which reduced the running time and improved the moving 
efficiency.  In these studies, the arc interpolation algorithm is 
applied to the tool path and the path planning of a palletizing robot, 
which achieved better control effect.  In this paper, the circular 
interpolation algorithm is used in the movement control of the 
whole row of seedling picking manipulator to realize the fast and 
stable picking and delivering of the whole row of processing 
tomato bowl seedlings. 

The movement of the full-row pick-up arm of the transplanter 
is discontinuous both vertically and horizontally as the 
discontinuities shown in the movement curve of the pick-up arm.  
But the motor needs frequent start-stops and the seedling pick-up 
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time is long.  To solve these problems, this paper used driving 
motors in both vertical and horizontal directions and adopted a 
time-sharing method for the motion trajectory planning of seedling 
pick-up arm[10,11].  In this paper, the potted seedlings of processing 
tomato in Xinjiang were used as transplanting objects.  The 
motion trajectory curve was planned using smooth circular arc 
interpolation algorithm[12,13]; trajectory parameters were determined 
by stepper motor velocity tracking control method[14]; system 
modeling on the two-phase hybrid stepper motor and driving model 
was conducted, followed by simulative analysis and system 
debugging test to further improve seedling pick-up efficiency and 
stability.   

2  Trajectory planning and analysis 

2.1  Motion analysis of seedling pick-up mechanism 
Automatic full-row plug seedlings pick-up mechanism is 

composed of rack, full-row pick-up arm, positioning mechanism, 
receiving belt and supply table, etc.  The full-row pick-up arm is a 
gantry framed two-axis Cartesian system, including horizontal orbit 
and vertical orbit.  The pick-up arm is installed on the beam, and 
the supply table and receiving belt are located at the two ends of 
the horizontal orbit, as shown in Figure 1[6].  The dimension of the 
seedling tray is 540 mm × 280 mm × 42 mm, each tray with      
128 plugs (16×8).  The size of each plug is 32 mm (upper length)  
×14 mm (bottom length)×45 mm (height), basically, a four edges 
pyramid shape, as shown in Figure 2.   

The working process of the full-row pick-up arm is presented 
in Figure 3.  Its horizontal and vertical movement is controlled by 
the horizontal motor and the lifting motor respectively.  The 
rotary movement of the stepper motor is converted to linear 
movement by ball screw[15].  The picking process is as following: 
1) the pick-up arm picks seedlings and lifts as the lifting stepper 
motor rotates in the forward direction, then stops at designed height; 
2) the pick-up arm carries the seedlings to the above of the 
dropping position as the horizontal stepper motor rotates in the 

forward direction; 3) the pick-up arm goes down to Dropping 
Position 1 as the lifting motor rotates in the reverse direction, and 
drops the seedlings at Position 1[16]; 4) the pick-up arm goes back 
the same way to the above of the pick-up position.  The tray 
driving motor pushes the row ahead and the full-row pick-up arm is 
ready for picking seedlings of next row.  This time it drops the 
seedlings at Position 2. 

 
1. Rack  2. Horizontal track  3. Vertical track  4. Whole row of seedling 
manipulator  5. Seedling belt  6. Seedling provide table  7. Seedling tray  

Figure 1  Structure diagram of picking-up and delivering 
seedlings in the automatic transplanter 

 
Figure 2  Schematic diagram of the seedling mechanism 

 
Figure 3  Schematic diagram of the seedlings movement 

 

This pick-up and dropping method is realized by fixed point 
pick-up and alternant dropping, with one fixed pick-up position and 
two dropping positions.  Specifically, after the first row of 
seedlings was dropped at Position 1, the tray would go forward for 
one row, and the pick-up arm would go back to the original 
position for the pick-up of the second row of seedlings which 
would be dropped at Position 2.  In this process, the pick-up arm 
is required to make reciprocating movement between one 
pick-position and two dropping positions to realize the pick-up and 
dropping of plug seedlings.  The movement of the pick-up arm, 
which is “up-right-down” after pick-up and “up-left-down” after 
dropping, formed two rectangular trajectories as shown in Figure 3.  
During the vertical movement, only the lifting motor works.  But 
when the pick-up arm reaches the above of the pick-up position, the 

lifting motor stops and the horizontal motor starts to work, moving 
the pick-up arm to the right until it gets to the location above 
Position 1.  After that, the horizontal motor stops and the lifting 
motor drives the pick-up arm downwards.  There are two 
discontinuity points (A and B) in a pick-up and dropping process.  
At point A, the lifting motor stops and the horizontal motor works; 
at point B, the horizontal motor stops and the lifting motor works.  
The movement is shown in Table 1.  Four start-stops happened to 
the lifting motor and two start-stops happened to the horizontal 
motor in one pick-up and dropping motion.  The start-stop would 
cause vibration and influence the working stability of the system.  
Meanwhile, the out-of-step and overstep of the motor during the 
start-stop will result in displacement error, which means the 
position of the pick-up arm could be inaccurate. 
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Table 1  Analysis of the motor’s working state during the 
feeding process 

Work process Lateral motor Vertical motor

Point A to take the taking position stop forward 
Taking process stop stop 
Take the taking position to point A stop reverse 
Point A to point B forward stop 
Point B to take the seedling position 1 stop forward 
Seedling process stop stop 
Take the seedling position 1 to point B stop reverse 
Point B to point A reverse stop 

 

2.2  Determination of trajectory planning parameters  
The effective motion of the full-row pick-up arm formed two 

rectangular trajectories on a two-dimensional surface.  The two 
rectangular trajectories were optimized to find the most appropriate 
path from the start to the end.  The specific points on the plane 
were first fixed and then the trajectory planning was made 

according to the fixed points.   
As shown in Figure 4, the pick-up arm grabs the plug seedlings, 

goes up 4.2 cm vertically, moves to the above of the Dropping 
Position 1 along Trajectory 1 for seedling dropping, then returns to 
the above of pick-up position along Trajectory 1 waiting for next 
turn of pick up[17].  The pick-up arm stretches to the tray, grabs 
plug seedlings, goes up 4.2 cm vertically, moves to the above of the 
Dropping Position 2 along Trajectory 2 for seedling dropping, then 
returns to the above of original position along Trajectory 2.  Thus 
a full process of pick-up and dropping motion is completed.  So, 
one pick-up and dropping process involves two trajectories,  
Trajectory 1 and Trajectory 2.  The distance between the centers 
of two seedling receiving belts is 9.6 cm, and the distance between 
the center of the first row tray and the center of the Receiving Belt 
1 is 11.5 cm.  The above surface of the grid month of receiving 
belt and the tray mouth are on the same plane.  The motion 
trajectories and major parameters of the pick-up arm are shown in 
Figure 4.  

 
Figure 4  Manipulator trajectory and main parameters 

 

2.3  Trajectory planning 
A rectangular plane coordinate system was established.  The 

center of the tray bottom, i.e.  the O point in Figure 4, is the origin, 
the vertical direction is the Y-axis, and the horizontal direction is 
the X-axis.  Select the tray bottom center (0, 0), the tray exit 
coordinate (0, 0.042), the dropping coordinate of the Receiving 
Belt 1 (0.115, 0.042), and set the center of the trajectory center as 
0.01 m to achieve the highest coordinate of motion (0.0575, 0.052).  
Select the coordinates of the three fixed points: the start point, the 
highest point, and the end point, as shown in Table 2.   

 

Table 2  Initial coordinates of the track (m) 
X 0 0.0575 0.115 

Y 0.042 0.052 0.042 
 

Interpolation operation was conducted using smooth circular 
arc interpolation algorithm to calculate the coordinate of the 
interpolation point.  “Interpolation” means to “add” or “insert” 
several mid-points between the start point and end point along a 
determined outline.   

The coordinate of the interpolation points was calculated 
through interpolation operation using smooth circular arc 
interpolation algorithm.  Interpolation operation is to add several 
mid-points between the start point and end point of a certain outline, 
i.e.  to “insert” or “add” the coordinates of motion mid-points.  
This operation is a densification of data points[18,19].  In this paper, 
equal angular displacement was adopted for circular interpolation.  
One coordinate can be obtained through the equal angular 
displacement of the same direction, and all the interpolation 
coordinates can be obtained after several repetitions. 

(1) Formulate a circle based on the above three coordinates. 
The coordinate of the center of the circle is (x0, y0), the radius  

is r, and the equation of the circle is:  
(x – x0)2 + (y – y0)2

 = r2            (1) 
Randomly select three points on this circle, which were (x1, y1), 

(x2, y2), (x3, y3), then:  
(x1 – x0)2 + (y1 – y0)2

 = r2

           (2) 
(x2 – x0)2 + (y2 – y0)2

 = r2

           (3) 
(x3 – x0)2 + (y3 – y0)2

 = r2

           (4) 
Equation (2) minus Equation (3), and Equation (2) minus 

Equation (4), simplify the results and we can get:  
2 2 2 2
1 2 2 1

1 2 0 1 2 0
( ) ( )( ) ( )

2
x x y yx x x y y y − − −

− + − =     (5) 
2 2 2 2
1 3 3 1

1 3 0 1 3 0
( ) ( )( ) ( )

2
x x y yx x x y y y − − −

− + − =     (6) 

The only condition for the solution of x0, y0 is that the 
coefficient determinant is not 0:  

1 2 1 2

1 3 1 3

( ) ( )
0

( ) ( )
x x y y
x x y y

− −
≠

− −
             (7) 

After calculation with above method, we can get: coordinate of 
the circle center = (0.0575, –0.1183125), and r = 0.1703125 m. 

(2) Calculate the angle degree of the circle center based on the 
given coordinates of the three points, circle radius and position of 
circle center.   

Re-establish the rectangular plane coordinate system with the 
obtained circle center and get three coordinates: (–0.0575, 
0.1603125), (0, 0.1703125), (0.0575, 0.1603125).  The central 
angle of the arc connected by the three coordinates is 39.46323o, as 
shown in Figure 5.  

(3) Use smooth circular arc interpolation algorithm to calculate 
the coordinate of interpolation points.  

Assume the angular displacement ∆θ in the time Ts; ts is the  
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interpolation interval; v is the velocity along the arc.  
st v
r

θΔ =
               

(8) 

Assume ts = 3 s, v = 0.2 m/s, and we get ∆θ = 3.523°. 

 
Figure 5  Circle and three-point coordinates 

 

Total number of interpolation steps (round numbers): the angle 
degree of circle center: 39.46323°; 

1N
θ

∅
= +

Δ
           

   
(9) 

where, N is interpolation steps;  is the central Angle which is 
39.46323°; ∆θ is angular displacement.   

According to Equation (9), the total number of interpolation 
steps is 12.   

Calculate the interpolation coordinate according to Equation  

(10) and Equation (11).  (xi, yi) was the coordinate of the start 
point, which was selected as (0.0575, 0.1603125). 

1 cos sini i ix x yθ θ+ = Δ − Δ           (10) 

1 cos sini i iy y xθ θ+ = Δ + Δ           (11) 

1i iθ θ θ+ = + Δ              (12)  
Equation (12) shows whether it comes to the interpolation end. 

If θi+1≤ , carry on the interpolation; if θi+1> , correct the length 
∆θ of the last step, which was expressed as ∆θ', ∆θ'= –θi, and we 
get the interpolation coordinates as shown in Table 3. 

(4) Based on the above interpolation coordinates, use a 
polynomial curve fitting to make the trajectory planning and 
MATLAB for calculation and curve simulation. 

Use MATLAB and “polyfit” function to conduct polynomial 
curve fitting.  The mathematical foundation is the basic 
mathematical least square curve fitting principle, which constructs 
an analytic function through the invoking function, making the 
originally discrete points as close as possible to the given value.  
Determine the order number of the polynomial fitting and get the 
trajectory curve after fitting.  Basically, the principle of 
determining the order number of polynomial fitting should not 
exceed the given number of coordinates.  The fitting curve is not 
the only one if the number of coordinates equals or exceeds the 
original number[20].  

The expression to select the fourth order fitting curve is:  
Y = –27.6595X4

 – 4.6301×10-4X3
 – 2.9329X2

 + 
8.7908×10-7X + 0.1703(–0.0575≤X≤0.0575)      (13) 

The trajectory curve is shown in Figure 6.  In all the fitting 
curves, the dotted line is the trajectory curve after fitting, the 
broken line is the connecting line of original coordinates. 

 

Table 3  Interpolation coordinate values (m) 

Coordinate points 1 2 3 4 5 6 7 

X 0.0575 0.04754026 0.037400838 0.027120057 0.016736773 0.006290232 –0.0041800836 

Y 0.1603125 0.163542873 0.166155123 0.168139377 0.169488135 0.170196299 0.170261193 

Coordinate points 8 9 10 11 12 13  

X –0.0146346 –0.025033804 –0.03533839 –0.045509412 –0.055508428 –0.057500004  

Y 0.169682572 0.168462623 0.166605956 0.164119589 0.16101292 0.160312493  
 

 
Figure 6  Trajectory polynomial fitting curve 

 

As shown, the fourth order polynomial fitting curve is 
basically the same as the connecting line of the original coordinates.  
The fitting degree is very high.  

3  Analysis of motion trajectory parameters 

3.1  Analysis of motion process 
The functions and graphs were obtained through the 

interpolation algorithm and curve fitting.  The trajectory curve 
was realized by the resultant motion in both horizontal and vertical 
directions.  The motion in each direction was a time function.  

The motion trajectory was divided into the displacement functions 
in the horizontal and vertical directions.  The horizontal 
displacement distance of the trajectory is 0.115 m, and the vertical 
displacement is 0.01 m.  In order to realize a highly efficient 
seedling pick-up, the horizontal movement should be completed in 
the shortest time at the maximum acceleration.  The horizontal 
movement first reaches the highest velocity at the maximum 
acceleration, keeps moving at this velocity, then slows down at the 
maximum acceleration until the pick-up arm stops at the dropping 
position.  As the movement distance in the vertical direction was 
very short, the displacement trajectory was fitted by adjusting the 
velocity in the vertical direction[21].  

The stepper motor was chosen as the control target.  The 
rotational displacement was converted to linear displacement 
through the connection with the ball screw.  The ball screw 
displaces 1 cm as the stepper motor rotates one circle.  The 
elongation of the two-phase stepper motor was 1.8°, one circle 
containing 200 pulses.  Set the starting velocity of the stepper at 
60-200 r/min, and the working velocity at 300-600 r/min.  The 
working velocity could reach more than 1000 r/min when unloaded.  
But high working velocity could lead to a locked-rotor situation.  
So working velocity should be at a normal level considering the load.  
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In order to fully perform the velocity of the motor, the motor is 
usually started at the start frequency and then increases gradually to 
the pulse frequency until it gets to the ideal velocity.  When 
changing the velocity, we should avoid out-of-step of the motor 
and try to shorten the starting acceleration.  Meanwhile, in order 
to ensure the positioning accuracy, the velocity of the motor should 
be reduced from the maximum to the velocity appropriate for being 
stopped (equals or slightly higher than the starting velocity) by 
gradually reducing the pulse frequency[22,23].  

Set the start and stop r/min at 100 r/min (or 0.01667 m/s), the 
maximum r/min at 600 r/min (or 0.1 m/s), and the maximum 
acceleration at 0.1 m/s2.  Considering the operational capacity of 
the actuator, the maximum of the velocity and acceleration was 
limited to calculate the shortest time.  
3.2 Analysis of X-axis motion trajectory 

The displacement time relation X = G(T) of the X-axis was 
substituted into the trajectory equation to get the displacement time 
function Y=Z(T) and the curve of the Y-axis. 

X-axis displacement function: as shown in Equation (14).  
The X-axis displacement time curve is shown in Figure 7. 

2

2

0.01667 0.5 0.1      (0 0.8333)
0.04861 0.1 ( 0.8333)     (0.8333 1.0111)
0.06639 0.1 ( 0.8333) 0.05 (  (1.0111 1.1.0 81 4 )1 41 4)

t t t
t t
t t

X

t

+ × × ≤ <
+ × − ≤ <
+ × − − ×

=

≤ ≤−

                  

(14) 

 
Figure 7  Relationship between time and displacement of the 

X-axis 
 

Take the derivative of the X-axis displacement function of the 
trajectory to get the velocity function, as shown in Equation (15).  
The velocity curve is shown in Figure 8.  In the horizontal 
direction, the motor first moves at the maximum acceleration and 
keeps moving at the constant velocity, then slows down at the 
maximum acceleration until the pick-up arm gets to the dropping 
position. 

0.01667 0.1

1
0.1
0.201 1 0.1

V
t

t−

+ ×
=

×
 

)

(0 0.8333)
(0.8333 1.0
(1.0111 1.8444

111)
t
t
t≤ ≤

≤ <
≤ <        (15) 

 
Figure 8  Relationship between time and speed of the X-axis 

 

Take the derivative of the X-axis of the trajectory to get the 
acceleration function, as shown in Equation (16).  The 
acceleration curve is shown in Figure 9.  

0
0.1

0.1
A =

−  )

(0 0.8333)
(0.8333 1.0
(1.0111 1.8444

111)
t
t
t≤ ≤

≤ <
≤ <            (16) 

 
Figure 9  Relationship between time and acceleration of X-axis 

 

3.3  Analysis of Y-axis motion trajectory  
The displacement trajectory was fitted by changing the motor 

velocity in the vertical direction.  In order to acquire the curves of 
the displacement, velocity and acceleration of Y-axis, the points on 
the displacement curves of X-axis at the same time points were 
selected, and the Y-axis values at the corresponding time points to 
the X-axis were listed according to the trajectory function curve   
Y = F(X).  Then the Y-axis displacement curve was fitted through 
the curve fitting method.  

On the trajectory, the time for one pick-up and dropping circle 
is 1.8444 s.  The X-axis displacement time was divided into 10 
equal sections.  Take the points every 0.18444 s and get the 
corresponding X-axis values according to Equation (14).  To 
ensure the system works in a selected range, the curve was moved 
down 0.0575 units, and the values were substituted into Equation 
(13) to get the corresponding X-axis and Y-axis values under the 
equal time intervals, as shown in Table 4.  During the trajectory 
planning, set the coordinate of the pick-up position as (–0.575, 
0.1603125).  The curve was moved down 0.1603125 units to 
better show the image, and the data were shown in Table 5.  

 

Table 4  Corresponding coordinate values of the trajectory function curve in 10 equal time 

Time/s 0 0.18444 0.36888 0.55332 0.73776 0.92220 1.10664 1.29108 1.47552 1.65996 1.8444 

X –0.0575 –0.0527245 –0.0445447 –0.032968 –0.017987 0 0.017988 0.032968 0.0445477 0.052725 0.0575 

Y 0.16030078 0.16193319 0.16437093 0.16707958 0.1693482 0.1703 0.16934812 0.1670796 0.16437074 0.16193298 0.16030071
 

Table 5  Y-axis coordinate data under 10 equal time 

Time/s 0 0.18444 0.36888 0.55332 0.73776 0.92220 1.10664 1.29108 1.47552 1.65996 1.8444 

Y –0.0000117 0.00162069 0.00405843 0.00676708 0.0090357 0.0099875 0.00903562 0.0067671 0.00405824 0.00162048 –0.0000118
 



46   May, 2020                         Int J Agric & Biol Eng      Open Access at https://www.ijabe.org                          Vol. 13 No.3 

 

Y-axis displacement time fitting was performed using MATLAB 
polynomial curve fitting.  The initial coordinates were the 
coordinates of the 11 points in Table 5.  The fourth order polynomial 
curve fitting was performed to fit the original data more accurately.  

The expression of fitted four order No. 1 trajectory 
displacement time curve is shown as Equation (17).  The fitted 
Y-axis displacement time image is shown in Figure 10. 

4 3 2

5
0.012687 0.0467999 0.042548 0.001126

      5.1531 10 0 1.84 44  ( )
Y t t t t

t−
= − + + −

× ≤ ≤
 (17) 

 
Figure 10  Relationship between time and displacement of the 

Y-axis 
 

The Y-axis displacement function of the trajectory was derived 
and the velocity function was obtained as Equation (18). 

3 20.0507048 0.1403997 0.085096 0.001126
                                (0 1.8444)
V t t t

t
= − + +

≤ ≤  (18) 

The Y-axis velocity function curve is shown in Figure 11. 

 
Figure 11  Relationship between time and speed of the Y-axis 

 

The Y-axis velocity function of the trajectory was derived and 
the acceleration function was obtained as Equation (19): 

20.152244 0.2807994 0.085096  (0 1.8444)A t t t= − + ≤ ≤  (19) 
The Y-axis acceleration function is shown in Figure 12. 

 
Figure 12  Relationship between time and acceleration of Y-axis 

4  Analysis of motion trajectory control 
4.1  Analysis of tracking control  

The calculated displacement, velocity, and acceleration curve  

reflected the motion law of motor under definite trajectory, maximal 
velocity and acceleration.  The motor should be tracked and controlled 
to ensure the pick-up arm moves along the planned trajectory. 

PLC was applied to control the stepper motor and to track its 
velocity.  The trajectory contained the motion on X-axis and 
Y-axis.  Therefore, we tracked the velocity curves on both 
directions (X and Y axes) by matching the tracking velocity 
segment by segment, thus tracking the displacement trajectory[24]. 

The velocity curve in the trajectory planning was graded 
according to velocity; the time was divided into 10 equal sections 
(Figure 13).  The velocity was adjusted in line with these divided 
time points; the adjusted velocity was the one at the moment of the 
rectangle’s mid-point.  The relationship between the obtained 
tracking velocity and the curve was shown in Figure 13.   

The velocity curve of the trajectory along the X and Y axes was 
also divided according to the time; the shorter the interval between 
the equally divided moments, the more the controlled velocity 
curve resembles the original curve. 

 
Figure 13  Speed control method of time equalization 

 

4.2  Tracking control of the motor in two directions 
Divide the motion time into 10 equal sections at a time interval 

of 0.18444 s; the velocity for each moment was the velocity of the 
medial moment; put the corresponding moment into the 
velocity-time function of the trajectory.  The obtained data were 
listed in Table 6. 

The given stepping angle of the stepper motor was 1.8°; one 
rotation of the stepper motor requires 200 pulses and results in 1 
cm linear displacement.  The frequency corresponding to the 
velocity of the No. 1 trajectory could be obtained by Equation (20).  
The number (D) of pulses was calculated by Equation (21).  Table 
7 shows the motor control parameters from the pick-up position to 
the dropping position.  Positive numbers of D (the number of 
pulses) indicate forward rotation (along the positive direction of X 
and Y axes), while negative numbers indicate reverse rotation 
(along the negative direction of X and Y axes).  

100 200f v= × ×              (20) 
D = f × t                 (21) 

5  Simulation of motion trajectory  
5.1  Establishment of simulation model  

Simulink was used to build the control system model, 
including the driver module of the stepper motor, the motor module 
of the two-phase hybrid stepper motor, the screw rod module; the 
directional signal and the pulse signal were the system input; the 
angular velocity, torque and mechanical angle were the system 
output.  The output angular velocity was controlled by adjusting 
the input pulse number, thus tracking the route.  The control 
system model (Figure 14) was established based on parameter 
settings.  
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Table 6  Equal time corresponds to the X-axis, Y-axis speedometer 

Equal time 1 2 3 4 5 6 7 8 9 10 

Speed corresponding time/s 0.09222 0.27666 0.4611 0.64554 0.82998 1.01442 1.19886 1.3833 1.56774 1.75218 

X-axis direction speed/m·s-1 0.025892 0.044336 0.06278 0.081224 0.099668 0.099668 0.081224 0.06278 0.044336 0.025892

Y-axis direction speed/m·s-1 0.00781929 0.0149961 0.01548383 0.01119137 0.00402754 –0.0040999 –0.0112790 –0.0156041 –0.0151652 –0.0080536

Table 7  X-axis and Y-axis motor control parameter table from seedling position 

Control time period/s 0-0.18444 
0.18444- 
0.36888 

0.36888-
0.55332 

0.55332-
0.73776 

0.73776-
0.9222 

0.9222- 
1.10664 

1.10664- 
1.29108 

1.29108- 
1.47552 

1.47552-
1.65996 

1.65996-
1.8444 

Duration/s 0.18444 0.18444 0.18444 0.18444 0.18444 0.18444 0.18444 0.18444 0.18444 0.18444 

X-axis motor pulse frequency/Hz 512.84 886.72 1255.6 1624.5 1993.4 1993.4 1624.5 1255.6 886.72 512.84 

X-axis motor pulse number 95.5 163.5 231.6 299.6 367.6 367.6 299.6 231.6 163.5 95.5 

Y-axis motor pulse frequency/Hz 156.38 299.92 309.68 223.83 80.55 82 225.58 312.1 303.3 161.07 

Y-axis motor pulse number 28.8 55.3 57.1 41.2 14.8 -15.1 -41.6 -57.5 -55.9 -29.7 
 

 
Figure 14  Control model of seedling pick-up arm movement 

 

5.2  Simulation of motion trajectory  
Based on the control parameters of Table 7, PLC was used to 

control the drivers of the stepper motors along the X and Y 
axes[25].  The control parameters included the frequencies of the 
output pulses and the high low-levels of the direction ports.  
During the simulation, the control parameters were set to change 
every 0.18444 s in line with Table 7 to alter the pulse frequency 
and the direction signal.  At first, the X-axis motor was rotating 
positively with a pulse frequency of 512.84 Hz and a low-level 
direction signal; the Y-axis motor was also rotating positively 
with a pulse frequency of 156.38 Hz and low-level direction 
signal.  Change these parameters according to Table 7 every 
0.18444 s until all these 10 groups of parameters were used, 
marking the completion of the trajectory tracking.  Figure 15 is 
the displacement curve.  Totally, there were 10 sections, 
standing for the simulated curve segments under 10 groups of 
control parameters. 
5.3  Analysis of motion trajectory  

The simulation curve (the blue curve) matched the planned 
trajectory curve (the red curve) very well despite some deviations.  

The two largest deviations (Figure 16) were chosen for analyses.  
At the 0.024 m of the X direction, the deviation along Y direction 
was 5×10-4 m; at the 0.038 m of the X direction, the deviation along 
Y direction was 4×10-4 m.  The standard deviations were 7.46% 
and 4.65%, which satisfied the control requirements. 

 
Figure 15  Motion trajectory simulation curve 
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Figure 16  Comparison of motion trajectory simulation curve and 

planning trajectory curve 
 

The seedlings were picked up and dropped along the trajectory 
shown in Figure 3; the time used for this process was calculated.  
From the pick-up position to the dropping position 1, the distances 

from the bottom to the top and from the right to the left were    
5.2 cm and 11.5 cm, respectively.  As shown in Figure 17, the 
torque was vibrating when it started; 0.02 s later, it began sending 
forth regular outputs at normal angular velocity.  Set 0.02 s as the 
start time, 0.052 m as the up-shift distance, 0.01667 m/s as the 
start-stop velocity, 0.1 m/s as the maximal velocity, and 0.1 m/s2 as 
the maximal acceleration. 

      2
0

1
2

s v t at= +                  (22) 

0v v at= +               (23) 

  2
0

1
2

s v t at= −                  (24) 

       0s v t=                     (25) 
When the motor start-up is calculated, make the motor run at 

the maximal acceleration for 0.57343 s until 0.074013 m/s.  Then, 
slow the acceleration down to its maximum for 0.57343 s until the 
motor reaches the start-stop velocity.  The time used for this step 
is 0.02+0.57343+0.57343=1.16686 s. 

 
Figure 17  Stepper motor model simulation torque waveform 

 

Set 0.02 s as the start time, 11.5 cm (namely, 0.115 m) as the 
right-shift distance, 0.01667 m/s as the start-stop velocity, 0.1 m/s 
as the maximal velocity, and 0.1 m/s as the maximal acceleration.   

Calculate the start-up of the motor according to Equation (22), 
(23), (24) and (25); run the motor at its maximal acceleration for 
0.8333 s until it reaches the maximal velocity 0.1 m/s and runs for 
0.177789 s; slow the acceleration down to its maximum for  
0.8333 s until the motor reaches the start-stop velocity.  The time 
used for this step is 0.02+0.8333+0.177789+0.8333=1.864389 s. 

When the down-shift distance equals 1 cm, run the motor at its 
maximal acceleration for 0.190776 s until it reaches 0.035748 m/s; 
slow the acceleration down to its maximum for 0.190776 s until the 
motor reaches the start-stop velocity.  The time used for this step 
is 0.02+0.190776+0.190776=0.401552 s.  Therefore, the total 
time used for the whole process (from the pick-up position to the 
dropping position 1) would be 3.432801 s. 

According to the way shown in Figure 4, calculate the time of 
the planned track movement.  The route along the planned 
trajectory starts to operate when the pick-up arm takes seedlings 
and moves for 4.2 cm; the planned route is calculated from the 
pick-up position to the dropping position 1.  The up-shift of the 
pick-up arm is 4.2 cm; the start-up velocity is 0.01667 m/s; the 

maximal velocity is 0.1 m/s; the largest acceleration is 0.1 m/s2.  
Calculate the start-up of the motor based on Equations (22), (23) 
and (24); run the motor at its maximal acceleration for 0.517251 s 
until it reaches 0.068395 m/s; slow the acceleration down to its 
maximum for 0.517251 s until the motor reaches the start-stop 
velocity; run the machine along the route based on the planned 
trajectory; The time used for this step is 0.02+0.517251+0.517251= 
1.054502 s.  Taking the 1.8444 s for previous route planning into 
consideration, the total time required for this process is 2.898902 s.  
The time spent on the planned route is 0.5339 s less than that on the 
original one.  When the seedling is dropped to the planned 
position, let the mechanical arm back to the start position for the 
next picking-up operation.  Totally, it will save about 1.0678 s for 
one circle of pick-up and dropping process.   

According to Figure 17, the instantaneous torque could reach 
2.5 Nm at the starting moment of the motor; the normal torque is 
around 1.51 Nm.  The sudden increase of torque at the starting 
moment will result in wobble and vibration of the motor.  As 
shown in Table 1, if we run a circle of seedling pick-up and 
dropping movement along the original trajectory, there would be 6 
start-ups in total by the vertical and horizontal motors, causing 
motor vibrations.  In contrast, the motion based on the planned 
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trajectory only includes one start-up, in which the vertical and 
horizontal motors will start and stop simultaneously.  This can 
reduce the occurrence of motor vibration and improve the stability 
of the system.  

Figure 18 is the simulated angular velocity oscillogram of the 
motor model under the frequency of 200 Hz; the operating time is 
set as 0-0.05 s; there is no normal output angular velocity during 
the 0-0.01 s at the starting moment due to the vibration of the 
motors; normal output occurs 0.01 s later; the lack of two angular 
velocities would lead to the phenomenon of out-of-step.  During 

the 0.05 s stop moment, the machine will output three extra angular 
velocities because of rotational inertia and cause overstep.  The 
start-stops of the motor could cause out-of-step and overstep, as 
well as displacement errors.  The more the start-stops, the larger 
the displacement errors.  The out-of-step and overstep would be 
more distinct as the motor accelerates.  Under the planned 
trajectory, there is only one start-stop operation for the vertical and 
horizontal motor during one seedling pick-up and dropping process, 
which can effectively reduce the displacement errors caused by 
frequent start-stops. 

 
Figure 18  Motor model simulation angular velocity waveform 

 

5.4  Trajectory following test 
The track-following test was carried out in a fine agriculture 

laboratory, on April 20, 2019.  The 8×16 hole dish was used in the 
experiment, and the seedlings were taken in the whole row.  The 
test method is to control the actions of horizontal motor and 
vertical motor respectively by inputting the corresponding pulse 
number to PLC in each subdivision period, to control the combined 
motion of the whole row of seedlings, and realize the manipulator 
to move by the planned trajectory. 

 

 
Figure 19  Test bench 

 

In order to verify the coincidence degree of the actual 
movement trajectory of the seedling hand and the planned 
trajectory, 5 experiments were carried out.  The test process is to 
select five points with the same interval of horizontal coordinates 

respectively.  Whenever the manipulator moves to this point, the 
longitudinal phase displacement of this point is measured by a    
50-degree vernier caliper to obtain the point coordinates.  By 
comparing the measured Y-axis displacement with the planned 
Y-axis coordinate, the fitting degree between the actual motion 
trajectory and the planned trajectory is obtained.  The size of the 
error and the fitting degree are inversely proportional. 

Main test index: 
 aE X T= −                     (26) 
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According to the test process, the whole row seedling taking 
manipulator runs smoothly under the drive of the stepper motor.  
In the operation process of a cycle, the horizontal motor has a start 
and stop, the vertical motor has a start and stop, there is no 
interruption point during the operation process, there is no obvious 
vibration of the motor.  As can be seen from Table 1, the 
manipulator can follow the planned trajectory at the five points 
selected at equal intervals.  The average value of the five 
measurements at point 1 and point 5 is closer to the theoretical 
value, and the relative error is small, only 0.56% and –1.79%, 
indicating a good tracking effect.  The relative errors at point 3 
and point 2 are relatively large, 7.54% and 3.85% respectively, 
which are similar to the simulation results and also within the 
allowable error range. 
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Table 8  Trajectory follow experimental results 

Point 1/m (X-axis coordinate value: 0.023) Point 2/m (X-axis coordinate value: 0.046) 

Theoretical Y-axis coordinate value: 0.00647 Theoretical Y-axis coordinate value: 0.00961 Group 
number 

Y-axis coordinate 
measurement Absolute error value Relative error value/% Y-axis coordinate 

measurement Absolute error value Relative error value/%

1 0.00662 0.00015 2.32% 0.01022 0.00061 6.35% 

2 0.00640 –0.00007 –1.08% 0.00912 –0.00039 –4.06% 

3 0.00652 0.00005 0.77% 0.00976 0.00015 1.56% 

4 0.00656 0.00009 1.39% 0.01084 0.00123 12.80% 

5 0.00650 0.00003 0.46% 0.00998 0.00037 3.85% 

Average of 5 experiments Relative error value of 5 experiments Average of 5 experiments Relative error value of 5 experiments
 

0.006520 0.77% 0.009984 3.89% 

Point 3/m (X-axis coordinate value: 0.0575) Point 4/m (X-axis coordinate value: 0.069) 

Theoretical Y-axis coordinate value：0.01000 Theoretical Y-axis coordinate value: 0.00961 Group 
number 

Y-axis coordinate 
measurement Absolute error value Relative error value/% Y-axis coordinate 

measurement Absolute error value Relative error value/%

1 0.01122 0.00122 12.1% 0.01044 0.00083 8.64% 

2 0.01016 0.00016 1.6% 0.00972 0.00011 1.14% 

3 0.00994 –0.00006 –0.60% 0.00894 –0.00067 –6.97% 

4 0.01144 0.00144 14.4% 0.01044 0.00083 8.64% 

5 0.01104 0.00104 10.4% 0.00992 0.00031 3.23% 

 Average of 5 experiments Relative error value of 5 experiments Average of 5 experiments Relative error value of 5 experiments

 0.010760 7.60% 0.009892 2.93% 

Point 5/m (X-axis coordinate value: 0.092)  

Theoretical Y-axis coordinate value：0.00647  Group 
number 

Y-axis coordinate 
measurement Absolute error value Relative error value/%    

1 0.00662 0.00015 2.31%    

2 0.00626 –0.00021 –3.25%    

3 0.00604 –0.00043 –6.65%    

4 0.00664 0.00017 2.63%    

5 0.00624 –0.00023 –3.55%    

Average of 5 experiments Relative error value of 5 experiments   
 

0.006360 –1.70%   
 

6  Conclusions 

(1) In this paper, the whole row of transplanting hands for the 
transplanter with fixed-point seedling picking and interval delivery 
are studied.  Trajectory planning is made in this paper using 
smooth circular arc interpolation algorithm.  This paper can 
ensure the simultaneous movement in both horizontal and vertical 
directions.  The motion trajectory is smooth without discontinuity 
points.  

(2) PLC tracking control method is proposed to track the 
planned trajectory, and a driving system model of the manipulator 
is established for simulation verification.  Results show that the 
method can save 1.0678 s for each seedling pick-up and dropping 
process, which can improve the pick-up and dropping efficiency of 
seedlings.  

(3) After trajectory planning, the start-stop times of the motor 
can be reduced from 6 to 2 to reduce the vibration during the 
start-stop moment and improve the stability of the system; 
meanwhile, reduction of start-stop times can lessen the out-of-step 
and overstep phenomena during the start-stop moment and enhance 
the positioning accuracy in the seedling pick-up and dropping 
process.  
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