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Abstract 

In the development of automated manipulators for fruit and vegetable picking technologies, the challenge of ensuring an efficient, 

stable, and loss-free picking process has been a complex problem. In such an environment, manipulators require the most efficient 

and robust control for effective operations. In this paper, a serial 9-DOF redundant manipulator (1P8R) is proposed with various 

controllers for trajectory tracking problems in agricultural applications. The dynamic analysis of redundant manipulator has been 

carried out using the Recursive Newton-Euler method. The joint configurations of the robot are determined using optimization 

techniques for specific Task Space Locations (TSLs) by avoiding obstacles. The process of generating joint trajectories has been 

implemented by considering the cubic polynomial function. For the task of controlling the robot trajectory tracking in the virtual 

agricultural environment, different combinations of Proportional (P), Integrative (I), Derivative (D), and Feed-Forward (FF) 

controllers are employed, and a comparative analysis has been performed among these controllers. To verify the performance of 

the manipulator, simulations are carried out in a virtual environment using Simulink software. Results show that the robot is able 

to reach specific TSL accurately with better control and it is found that the implementation of Feed-Forward and PID-CTC 

controllers has better performance in a complex environment. 

 

Keywords- Agricultural robot, Redundant manipulator, Dynamic analysis, PD/PID controllers, Matlab, Simulink. 

 

 

 

1. Introduction 
Different agricultural environments combined with intensive production require the development of robust 

systems in a short period of time and at a low cost. Despite recent developments in agricultural automation, 

labour is still necessary for high-value commodities like fruit and vegetable crops. For the production of a 

fresh market fruits like apples and guava, a large seasonal workforce is needed. To overcome the shortage 

of labour in the agricultural field, the robot should be able to perform operations like crop seeding, crop 

weeding, selective spraying, thinning and pruning, fruit picking, etc. 

 

The environmental conditions of the crop field vary from one another due to these factors: (i) variation of 

crops- including technical challenges in fruit picking; (ii) variation of objects- including identification of 

position, size, shape, colour, and occlusion by tree branches; and (iii) environmental variation-including 

lighting conditions, are causing difficulties in the development of robots for commercial purposes (Bac et 
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al., 2014). A prototype robot is designed and developed by Belforte et al. (2006) for precision spraying and 

fertilization in the greenhouse environment. The designed robot has relatively low productivity per hour 

when compared with a human operator, but it is capable of performing given tasks continuously for 

indefinite time periods. Bak and Jakobsen (2004) addressed path generation for stability conditions and the 

path tracking mechanism of a four-wheel autonomous robot maneuver in the agricultural field for weed 

detection. Pons et al. (1996) presented a manipulator design based on parallelogram configuration, which 

gives better dynamic performance under various conditions when compared to joint constructors. The 

designed configuration achieves better control of manipulator motion by minimizing the centripetal and 

coupling torques. A 6-DOF industrial robot is taken as the manipulator for fruit plucking applications, 

which include a new design of suction gripper (Baeten et al., 2008). The chosen robot can execute the 

plucking cycle period in an average of 5 seconds, as verified experimentally. Similarly, a redundant 

manipulator (7-DOF) is proposed by Silwal et al. (2017) for grasping apples. Han et al. (2007) designed an 

optimized agricultural manipulator for vegetable picking in the greenhouse. In the article, Peilin Li et al. 

(2011) point out the merits and demerits of agricultural harvesting robots, which have a low success rate, 

slow operational speeds, trajectory error, object reorganization capability, operational stability, accuracy, 

high operational cost, maintenance and a wide variety of plant features. These factors are preventing 

commercialization and encourage further investigation on autonomous harvesters. To automate the process, 

robots need to be intelligent to conduct a wide range of agricultural operations like spraying and cutting at 

the targeted location with point-to-point motion (Edan et al., 2009). 

 

The basic configuration of the agricultural robot manipulator is designed/ chosen for agricultural 

applications by considering the agricultural plant features and available 3D workspace. A brief review on 

manipulators by Tillett (1993) for the handling of biological material in horticultural industry is presented. 

The requirements of horticultural manipulators over the industry requirements like geometrical 

configuration, joint actuator choices and control strategy for the manipulator are highlighted in this paper. 

Kondo et al. (1993) designed a 7-DOF manipulator for agricultural applications using key parameters such 

as manipulability, operational space, and posture diversity. A multi-purpose agricultural robot with the 

configuration of Revolute-Revolute-Prismatic-Revolute- Revolute for berry thinning, spraying and bagging 

operations by utilizing various different end-effectors in the vineyards by Monta et al. (1995). A 7- DOF 

robot manipulator was designed for harvesting cucumbers by considering the characteristics of cucumbers 

(Arima and Kondo, 1999). Also attached a 4-wheel traveller device to move the robot in between the plants. 

A 9-DOF multi-purpose redundant manipulator is developed by Baur et al. (2012) to access the plant in all 

directions for selective fruit-picking operations. Effective harvesting and trajectory tracking of the 

developed manipulator require inverse kinematics, path planning, and motion control algorithms.  

 

The vision system gives information about position, i.e., TSL and orientation of the fruits and information 

about objects lie in the robot workspace. The manipulator of the robot needs to reach TSL with the required 

orientation by avoiding collisions with other obstacles. Computing the IKs for the manipulator is required 

for a collision-free harvesting configuration. There is a non-existence of IK solutions through an analytical 

method; only a few manipulators with particular geometric configurations have an analytic solution in 

closed form (Chapelle and Bidaud, 2004). Instead of this, the IK problem can be solved by a numerical 

method based on iterative procedures. Nearchou (1998) and Parker et al. (1989) discussed the procedures 

for solving IK based on a non-linear programming problem, and these are easily adapted for different 

manipulators. Van Henten et al. (2010) reformulated a non-linear programming problem and solved it using 

a Genetic Algorithm (GA). The authors suggest combining a modified potential field method with a 

numerically based Jacobian approach (Park et al., 2020) to solve IK in real-time. The obtained IK solutions, 

i.e., joint variables, joint limit avoidance (Iossifidis and Schoner, 2006), and singularity avoidance (Yahya 

et al., 2012), of the robot manipulator need to be considered for the motion planning algorithm.  
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To achieve high production rates, the speed of the collision-free motion planning algorithm must be high. 

In order to meet this requirement, it is needed to get IK solutions in a few iterations and also quickly generate 

picking paths. In order to establish a path, the rapidly exploring random tree (RRT) algorithm creates 

random samples in the configuration space. For robots with a high degree of freedom, this approach works 

well. The Bi-RRT technique was proposed by Lavelle and Kuffner (2001) to shorten computation time by 

simultaneously traversing the tree at the initial and target states. Only a few authors have documented 

collision-free path planning for agricultural robots in the literature, where the majority of studies are 

concentrated on industrial robots in unrestricted environments. Bac et al. (2016) proposed constrained path 

planning for fruit-picking robots in agricultural environments. Cao et al. (2019) optimized the RRT 

algorithm using the potential field method and genetic algorithm for path planning of fruit-picking robots. 

It is noted that due to the presence of more tree branches and obstacles in dense areas, the motion planning 

time is increasing and there is a reduction in production. Among these robots, manipulators are highly 

nonlinear-coupled systems during operations. Sensor errors and external interference will cause 

uncertainties in the model (Zhang et al., 2020). In order to perform the required tasks, the study of a 

mathematical model and control laws is required. By using proper programming tools, simulations are 

carried out for different tests, like position tracking, and velocity control, etc. (Urrea and Kern, 2012). 

 

Modelling and simulation of robots using different software will simplify the process of designing and 

inspecting the robots in the real world. Simulations are important for estimating and predicting the 

performance of the robot. Furthermore, it plays an essential role in the evaluation of the automation process. 

Dynamics is the study of systems that experience state changes over time. The development of the dynamic 

model of a robot is essential for motion simulation, structure analysis, and control algorithm design. From 

this information (dynamic modelling), joints, actuators, and transmission systems were designed. The 

dynamic analysis of robot manipulators can be formulated as “Forward Dynamics” (FD) and “Inverse 

Dynamics” (ID). In the FD joint force/torque vector, joint variables (position, velocity, and acceleration) 

are estimated. This method of formulation is useful for simulating or analyzing the robot manipulator. 

Whereas in ID, for the given trajectory point/variable (position, velocity, and acceleration), it needs to find 

joint torques. This type of formulation of dynamics is useful for controlling the manipulator (Craig, 2006). 

To obtain the manipulator's motion equations, several methods are available: these are ‘Euler-Lagrange (E-

L) formulation’, ‘Newton- Euler (N-E) formulation’, ‘Kane’s equations of motion’, the D’Alembart 

principle, and equations based on the orthogonal complements of the velocity-constraint matrices (Saha, 

2014). The Euler-Lagrange equation of motion was based on the concept of generalized coordinates and a 

scalar function. When generalized coordinates are chosen independently, constraints forces are eliminated 

and made suitable for motion control and simulation. This approach is based on energy balance in dynamic 

analysis. The Newton-Euler equation of motion contains vector cross-product terms and allows obtaining 

the model in a recursive form of Outward (forward) and Inward (backward) recursive equations. This is the 

force balance approach in dynamic analysis. The Outward recursion propagates kinematic information, total 

forces, and moments exerted at the centre of mass of each link from the base reference frame to the end-

effector frame. The Inward recursion propagates the forces and moments exerted on each link from the end-

effector frame to the base reference frame. The computations are simpler in N-E, so it allows a shorter 

computing time than the E-L method (Lee, 1982). To track the workspace trajectory for a redundant serial 

manipulator, Hsu et al. (1989) developed a control law on the basis of the pseudo-inverse of the Jacobian 

in the general form of the manipulator dynamic equation. 

 

Designing of robot manipulators for specific applications has been increasing day by day because of their 

high productivity and efficiency. Generally, robot manipulators are complex in structure with non-

linearity’s such as link couplings and friction. Hence, it becomes a challenging task to design or choose a 

proper controller for the robot manipulator to achieve the desired trajectory tracking. Complex dynamic 
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equations (mathematical modelling) and trajectory planning are necessary to control the robot manipulator. 

The torques obtained from the dynamic analysis are tuned with the controller and given to each joint of the 

manipulator, and these are time variants. Each joint of the manipulator will follow its joint-level trajectory 

supplied by the trajectory generator for error-free trajectory tracking at the end effector. In Kumar and 

Kumar (2017), various variants of controllers like PI, PD, and PID are used for controlling the redundant 

robot manipulators against external disturbances. A manipulation system for an agricultural robot for 

handling heavy materials is proposed by Sakai et al. (2008). The system is developed in the existence of 

parametric perturbation and uncertainty by using PI and PID controllers for different joints. In general, PID 

controllers are linear in nature and only function under precise knowledge of the parameters of the robotic 

manipulator and system linearization techniques; they are less robust to model uncertainties and parameter 

changes, and their performance suffers under external disturbances. A 7-DOF redundant manipulator is 

proposed for trajectory tracking (Dhyani et al., 2020) by linearization of non-linear manipulator dynamics 

with linear control techniques. In many industries, feedback controller structures for specific applications 

cannot be eventually modified. Mitigation of non-linear dynamics can only be performed via Feed-Forward 

controllers. In Grotjahn and Heimann (2002), a model-based Feed-Forward controller is discussed with 

various approaches to improve or observe the path accuracy. The expected torques for the desired joint 

motions of the manipulators are calculated using the Inverse dynamics model of the system. A 3-DOF 

harvesting robot manipulator with a vacuum-based end effector to harvest the apples has been developed 

by Zhang et al. (2020). The non-linear motion control of the manipulator is controlled using a Proportion-

Integrative controller (PI). In 2009, Tatlicioglu et al. (2009) proposed a feedback-linearized adaptive 

controller using Lyapunov-based stability analysis for a redundant manipulator. This controller uses a least-

squares estimation algorithm to adjust the parametric uncertainties in the dynamic model. Silwal et al. 

(2017) designed a 7-DOF robot for harvesting apples. The end-effector of this manipulator is able to execute 

the grasping of fruits in a purely open-loop manner (without sensors) with Feed-Forward control. Though 

modern control theory has come a long way, this article focused on the widely used controllers in industries. 

As these are well-developed, simple to design, and require less computational time. 

 

In the available literature, very few authors reported on redundant manipulators for agricultural robots. The 

designed agriculture harvesting robots are limited to some applications with low success rates because of 

the variations caused by the variety of plant features. To improve productivity and efficiency in agriculture, 

the design and control of robots are considered important areas by the research community. 

 

In this work, a 9-DOF robot redundant manipulator with a 1P8R configuration is selected to access the wide 

variety of plants in all possible directions and also to get more work volume for reaching the selected task 

space locations. The chosen redundant manipulator and variations in dynamics are observed using various 

controllers. The research contribution is the dynamic modelling of the robot manipulator for harvesting 

applications and also performing the controlled motion of the robot in an agricultural environment using 

different controllers, which are modelled in Simulink environment. Finally, dynamic simulations are 

performed in Simscape Multibody. The methodology adopted in this paper is presented in Figure 1. The 

nomenclature followed in this paper is tabulated in Table 1. 
 

 
 

Figure 1. Flowchart of methodology. 
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Table 1. Nomenclature.  
 

DOF Degrees of Freedom 

TSLs Task Space Locations 

1P8R One prismatic eight revolute joints 

PID Proportional Integrative Derivative controller 

FF Feed-Forward controller 

CTC Computed Torque Control 

IK Inverse Kinematics 

ID Inverse Dynamics 

DH Denavit-Hartenberg 

q, qm, qr Joint variable, measure joint variable and required joint variable 

M(q) Inertia matrix 

  Torque 

d1 Joint variable for a prismatic joint. Units: m 

θ Joint variable for a revolute joint. Units: rad 

I Moment of inertia 

qd, qdd & qdm, qddm 
First and second-time derivatives of joint variable (q). Similarly, the first and second derivatives of the 

measured variable (qm) 

J1, J2, ..., J9 J1 is the prismatic joint, J2, J3, . . , J9 are the revolute joints 

Ki, Kp, Kd Controller parameters 

NA Not Applicable 

 

This paper aims to analyze the dynamic aspect of agricultural serial robot manipulators and investigate the 

impact of various control schemes on the manipulator's trajectory tracking performance. Kinematic 

modelling and trajectory generation for the harvesting robot are discussed in Section 2. In Section 3, the 

dynamics and control simulations are presented. Section 4 contains the results, followed by the conclusions 

in Section 5. 

 

2. Kinematic Analysis and Trajectory Planning 

2.1 Kinematic Modelling 
Agricultural robots are required to perform tasks like harvesting, pruning, or spraying on different plants 

and fruits. Usually, the trellis for Bitter gourd and Tindora is placed above the ground at a height of 1 m. In 

the Guava field, fruits are grown above the ground at a range of 450 mm to 1300 mm. Based on the work 

volume, a 1P8R configuration was chosen for the manipulator (Reddy et al., 2022) to perform the tasks. In 

the selected manipulator, the first 6-links are equal in length, and the last 3-links constitute a wrist to allow 

the roll-pitch-yaw motion to the gripper of the manipulator. Denavit-Hartenberg (D-H) frames are assigned 

to the designed manipulator as shown in Figure 2, and the D-H parameters are tabulated in Table 2. 

 

 

 
 

Figure 2. Solidworks model of the robot manipulator with D-H frames. 
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Table 2. DH parameters. 
 

link    a    d  

1  0  
1l  0  

1d  

2  90  
2l  0  0  

3  0  
3l  0  0  

4  0  
4l  0  0  

5  90  
5l  0  0  

6  90−  
6l  90−  0  

7  90−  0  90  0  

8  90  0  90−  0  

9  0  0  0  0  

 
 

The transformation between the frame and the base frame was performed using a generalized homogeneous 

transformation matrix to attain the position and orientation of the end-effector. The position and orientation 

required at the TSL become inputs for Inverse Kinematics. In the working environment tree trunks, 

branches, and Trellis are obstacles to the robot’s motion. Using the vision system, a number of images are 

continuously taken in different directions. The outer boundaries of an object are considered a set of points. 

The extreme coordinates of these points are used to construct a bounding box for a particular obstacle. 

Collisions were detected whenever the point on the robot lay inside the bounding boxes, as discussed in 

(Chembuly and Voruganti, 2020). Joint variables were obtained by formulating an objective function to 

minimize the distance between the end effector and the TSLs, with constraints on joint limits. The problem 

is solved using the Sequential Quadratic Programming (SQP) technique (Boggs and Tolle, 1995), which is 

a classical optimization method. The required location ( , , )id id idx y z  and orientation ( , , )id id id    in the 

agricultural environment are considered TSLs, for the end-effector. Similarly, ( , , )ia ia iax y z and 

( , , )ia ia ia    are taken as the actual position and orientation of the end effector. The joint variables are 

determined to minimize the error in the objective function formulated to reach TSLs as follows:  
2 2 2

2 2 2

1

 Minimize: [( ) ( ) ( )

                         ( ) ( ) ( ) ]

id ia id ia id ia

m

id ia id ia id ia i

i

f x x y y z z

C     
=

= − + − + −

+ − + − + − +
                                                                         (1) 

 

 

2.2 Trajectory Generation 
To perform agricultural operations sequentially, the end-effector of the robot moves from one TSL to the 

next TSL with the required orientation. These TSLs are considered via points for path generation. At each 

via point, joint variables are found by using Inverse Kinematics. To generate smooth motion for the 

manipulator with velocity and acceleration continuity, a third-order polynomial function was considered. 

Since cubic polynomials are continuous and differentiable, i.e., velocity and accelerations are continuous 

and smooth, and can be tuned to match a wide range of desired motion profiles. These polynomials can be 

expressed in closed form and are calculated using simple arithmetic operations, which makes them 

computationally efficient for real-time applications. For a 9-DOF robot manipulator, the joint position, 

velocity, and accelerations are computed using the following equations: For the cubic polynomial trajectory, 

three via points are considered; hence, the path can be approximated as four segments of the polynomial 

function as given in Equation (2). 
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2 3

1 10 11 12 13

2 3

2 20 21 22 23

2 3

3 30 31 32 33

2 3

4 40 41 42 43

( )

( )

( )

( )

i

i

i

i

t a a t a t a t

t a a t a t a t

t a a t a t a t

t a a t a t a t









= + + +


= + + + 


= + + + 


= + + + 

.                                                                                                                              (2) 

 

where, 1 2 3 4( ), ( ), ( ), and ( )i i i it t t t    are the four numbers of cubic segments of 
thi joint, 1,2,...,9i =  and 

0 1 2 3, , ,i i i ia a a a   are the coefficients.  

 

For the above cubic segments, the joint velocity is determined using the time derivative of joint variables, 

similarly, acceleration is determined by considering the time derivative of the velocities and represented in 

Equation (3). 
2

1 2 3( ) 2 3i i i it a a t a t = + +  and 
1 2 3( ) 2 6i i it a a t = +                                                                                                     (3) 

 

The coefficients 0 1 2 3, , ,i i i ia a a a  can be calculated at time 0t and ft  by considering velocity and acceleration 

as boundary conditions. 
 

3. Dynamics and Control Simulation 

3.1 Iterative Newton-Euler Dynamic Formulation 
As the trajectory of the manipulator was generated, torques needed to be determined for the motion of the 

manipulator. The dynamics are formulated using the N-E recursive algorithm. This algorithm computes 

link velocities and accelerations iteratively from the first link to the last link, and joint actuator torques are 

computed recursively from the last link to the first link. The forward and backward recursive equations for 

the frame { }i to frame { 1}i + is given in Tables 3 and 4, respectively. The propagation of the velocity and 

acceleration of links is determined using the equations given in Table 1. The mass distribution of the links 

and the kinematics of the manipulator are known in Section 2. From the Newton-Euler equations, the inertial 

force and torque are also determined.  

 
Table 3. Forward recursions (Newton-Euler). 

 

The velocity propagation one link to the next link       : 
1 1 1

1 1 1
ˆi i i i

i i i i iR Z  + + +

+ + += +  

Angular acceleration transformation                            : 
1 1 1 1 1

1 1 1 1 1
ˆ ˆi i i i i i i

i i i i i i i i iR R Z Z    + + + + +

+ + + + += +  +  

Linear acceleration of each link-frame origin              : 
1 1

1 1 1( ( ) )i i i i i i i i

i i i i i i i iR P P    + +

+ + +=  +   +  

Linear acceleration of the centre of mass of each link : 
1 1 1

1 1 1 1 1 1 1

1 1 1 1( ) )
i i i

i i i i i i i

C i C i i C iP P    
+ + +

+ + + + + + +

+ + + +=  +  +  

At centre of mass of each link, the inertial force and torque are computed using the Newton-Euler equation and it is given as:    

                                                             1. Inertial force: 
1

1 1

1 1 i

i i

i i CF m 
+

+ +

+ +=  

                                                             2. Torque          : 1 11 1 1 1

1 1 1 1 1 1
i iC Ci i i i

i i i i i iN I I  + ++ + + +

+ + + + + += +   

 

Table 4. Backward recursions (Newton-Euler). 
 

The force exerted on link i by link i-1   : 
1

1 1

i i i i

i i i if R f F+

+ += +  

The torque exerted on link i by link i-1 : 
1 1

1 1 1 1 1i

i i i i i i i i i

i i i i C i i i in N R n P F P R f+ +

+ + + + += + +  +   

Joint torque vector                                : ˆi T i

i in Z =  
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where, 

,   are angular and linear velocities. 

,   are angular and linear accelerations. 

R is the transformation matrix. 

CP is the centre of mass. 
CI  is the inertia tensor of body written in a frame { }C , whose origin is located at the centre of mass. 

if  is the force exerted on link i by link i-1. 

F  is the force acting at centre of mass. 

in  is the torque exerted on link i by link i-1. 

m  is the total mass of the link. 

 

After evaluation of Newton-Euler equations symbolically for the manipulator, the state-space equation for 

dynamic analysis is given in Equation (4) (Craig, 2006). 

( ) ( , ) ( ) ( , )M q q C q q G q F q q + + + =                                                                                                                        (4) 

 

where, q  is the joint variable representing displacement or angle vector, q  is the velocity vector, q  is the 

acceleration vector. ( )M q  represents the inertia matrix with n n  dimension, ( , )C q q is the centrifugal 

and carioles force vector matrix with n n  dimension. ( )G q  is the gravitational force vector with 1n  

dimension. ( )F q is the joint viscous friction force vector with 1n  dimension.  is the generalized 

actuator force/torque vector associated with the generalized coordinates. 

 

3.2 Design of Controllers 
The designing of closed-loop controllers for a system depends on the manipulated input and manipulated 

output variables. The linear-type controllers like PD and PID are widely used for controlling the position 

and velocity of the robot manipulators. These types of classic controllers are easy to operate and implement 

in order to achieve the desired set points (TSLs) and linearize the non-linear behaviour of the manipulator's 

joints in a simple manner. In this work, various controllers are implemented for effective trajectory tracking 

of the 9-DOF agricultural robot manipulator. The controllers and their combinations are enumerated as (i) 

PD, (ii) PID, (iii) Feed-Forward Control, (iv) PD-Computed Torque Control (PD-CTC), (v) PID-Computed 

Torque Control (PID-CTC), and (vi) Feed-Forward- 2DOF PID controller. 

 

3.2.1 PD and PID Controllers 
The schematic view of PD and PID controllers are presented in Figure 3 and Figure 4, respectively. The 

functionality of both controllers is similar, which computes and defines a weighted difference signal for 

each of the proportional, integral, and derivative operations by providing the set point weights. The output 

of these controllers is also equivalent to the summation of the proportional, integral, and derivative actions 

on the corresponding difference signals, where each action is weighted and adjusted in accordance with the 

gain settings. 

 

In Figure 3 and Figure 4, q and q  represent the desired position and velocity, respectively. mq  and mq  are 

measured positions and velocities of each joint of the manipulator. The Kp, Kd and Ki are the controller 

parameters, tuned based on the trial-and-error method. 
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Figure 3. Schematic view of PD controller. 

 

 

 
 

Figure 4. Schematic view of PID controller. 

 

 

3.2.2 Feed-Forward Controller 
The schematic diagram for the Feed-Forward controller is depicted in Figure 5. A Feed-Forward Controller 

(FFC) is combined with different feedback controllers to eliminate persistent disturbances that cannot be 

appropriately rejected with feedback controllers. In a 9-DOF manipulator, the required torque or force is 

obtained from the Feed-Forward controller and fed to the robot manipulator. The feedback recovers errors 

due to uncertainty in the inertial parameters, un-modelled forces, and/or external disturbances. To minimize 

the trajectory errors, the control parameters Kp and Kd in FFC are tuned using the trial-and-error method.  

 

The torque generated by the Feed-Forward controller is given in Equation (5), 

   

 

( ) ( , ) ( ) ( ) ( ) ( )

  ( , , ) ( ) ( )

d m p m

d m p m

M q q C q q G q F q K q q K q q

D q q q K q q K q q

 = + + + + − + − 


= + − + − 

                                                                    (5) 

 

where, Kp and Kd are the position and velocity gain matrices, and D is the inverse dynamics function.  
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Figure 5. Schematic view of Feed-Forward controller. 

 

 

3.2.3 PD-CTC and PID-CTC Controllers 
The combination of PD and PID with Computed Torque Control is implemented on a 9-DOF manipulator 

for obtaining the desired output responses of the dynamic system. The inputs for both controller 

combinations are given using system inverse and are known as Computed Torque. CTC adopts the feedback 

linearization method so that the non-linearity’s of the dynamic system is compensated with linear behaviour 

in a closed loop. The CTC is a more accurate and advanced controller when compared to PD and PID 

controllers. The complexity of constructing a CTC is dependent on the estimation of model parameters. The 

schematic diagrams of PD-CTC and PID-CTC are shown in Figures 6 and 7. 

 

The control law for the PD-CTC controller is expressed in Equation (6) and Equation (7) by estimating the 

uncoupled error.  
ˆˆ ( ) ( , )m m mM q u C q q =  +                                                                                                                                               (6) 

 

p d m

d m

d m

u e K e K q

e q q

e q q

=  +  + 


= − 
= − 

                                                                                                                                                  (7) 

   
 

Figure 6. Schematic view of PD-CTC. 
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Figure 7. Schematic view of PID-CTC. 

 

where, 

ˆ ( , )m mC q q is an estimated model of ( , )m mC q q , that corresponds to the Coriolis, Centrifugal, frictional forces, 

and gravity effects.  

ˆ ( )mM q is the estimated model of the inertial matrix ( )mM q . 

 

The error can be expressed as given in Equation (8).  
1ˆ ( )d p me K e K e M Mq C F−+ + =  + +                                                                                                                  (8) 

 

where,  

,M C   and F represent the errors of the dynamic model.  

 

Although it is well known that a PID controller has three configurable parameters, there are several issues 

to consider when modifying these values to provide a sufficient balance between system performance and 

robustness. 

 

3.2.4 Feedforward- 2DOF PID Controller 
Since there is only one feedback controller that the traditional PID controller has, it is more challenging to 

simultaneously guarantee a sufficient set point and disturbance responses. In a 2-DOF PID controller, a 

reference signal and system output are used as the input and output signals, respectively. For improving the 

robot’s transient performance, a Feed-Forward gain is incorporated into the 2-DOF PID controller, as 

shown in Figure 8. From the theoretical robustness analysis, it is observed that both controllers, i.e., 2-DOF 

PID and Feed-Forward 2-DOF PID, attain the same results, but in real-time scenarios, the 2-DOF PID 

control scheme may have superior robustness if the Feed-Forward parameter is chosen appropriately in 

real-time. 

 

The 2-DOF PID controller is decomposed into a single input, single output PID controller with a Feed-

Forward controller and an error signal as input. The controller unit consists of a controller term and a filter 

term, computed as given in Equation (9). 
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Figure 8. Schematic view of a Feed-Forward 2-DOF PID. 

 

( )
1

( 1)
( ) ( 1)

1

i d
p

f

d
p

f

K K s
C s K

s T s

c K s
X s b K

T s


= + + + 


− = − +

+ 

                                                                                                                                         (9) 

 

where, ( )C s  is the controller, ( )X s is the filter, s is the frequency domine in Laplace Transformation, 

b  - set point weight on a proportional term, c  - set point weight on a derivative term, and  

fT  - derivative filter time. 

 

In this work, 2-DOF PID controllers are designed for each joint in the manipulator individually and tuned 

for desired output responses, as shown in Figure 9. 

 

C1

C2

C9

9-DOF

Manipulator

Ref. 

Trajectory

Feedback 

sensor
 

 

Figure 9. Closed loop Control for 9-DOF manipulator. 

 

4. Results 

4.1 Inverse Kinematics and Trajectory Generation 
The task space locations, along with the orientation of fruit, are identified using a vision system in the 

agricultural environment. In this article, six TSLs were chosen in the guava field for fruit picking operations, 
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and Inverse Kinematics was solved for optimized collision-free posture of the robot manipulator, as 

mentioned in Section 2.1. The joint variables at each TSL are reported in Table 5. To move the end effector 

in the desired path for performing the agricultural task, joint variables are considered as ‘via points’ and 

fed into a ‘polynomial trajectory generator’ for generating joint-level trajectories. The time step from one 

TSL to the succeeding TSL was given as 3 seconds, so the total time for the robot to complete its trajectory 

is 18 seconds. The joint-level trajectories of the manipulator are shown in Figure 10. 

 

The trajectory tracking of a robot manipulator in different agricultural applications and virtual environments 

of bitter gourd, guava, and tindora fields has been modelled in Solidworks. The trajectory tracking of the 

end-effector in the guava field corresponding to the TSLs presented in Table 3 is plotted in Matlab and is 

shown in Figure 11, as is the working of the redundant manipulator in the bitter gourd environment. 

 
Table 5. IK solutions of various TSLs. 

 

S. No. 

TSLs Joint variables 

error Position required 

(m) 

Orientation 

required 
(radians) 

(m) (radians) 

1d  1  2  3  4  5  6  7  8  

1 
(0.608, 0.743, 

0.595) 

(0.3491, 

0.6981, 
0.6109) 

0.151 1.016 0.332 0.247 0.165 -0.217 0.349 0.698 0.610 3.20×10-7 

2 
(0.478, 0.339, 

0.902) 

(0.2610, 

0.4014 , 

0.2094) 

0.159 0.808 0.906 0.373 0.147 -0.167 0.261 0.401 0.209 3.17×10-7 

3 
(0.398, -0.3, 

0.896) 

(0.0730, 

0.3142, 

0.4014) 

0.149 -0.830 0.926 0.419 0.249 0.282 00.07 0.314 0.401 3.14×10-7 

4 
(0.589, -0.548, 

0.651) 

(0.2618, 
0.3665, 

0.3142) 

0.077 -0.828 0.329 0.615 0.191 0.428 0.261 0.366 0.314 1.05×10-7 

5 
(0.40, -0.40, 

0.70) 

(0.4014, 
0.2793, 

0.5934) 

0.082 -0.893 0.348 0.729 0.615 0.495 0.401 0.279 0.593 2.06×10-7 

6 
(0.592, -0.68, 

0.599) 

(0.2094, 

0.5585, 
0.4538) 

0.086 -0.989 0.384 0.308 0.214 0.226 0.209 0.558 0.453 5.20×10-7 

 

 

 
 

Figure 10. Joint trajectories for 9-DOF serial manipulator during time period. 
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a) Guava virtual environment                       b) Bitter gourd virtual environment 
 

 

Figure 11. Trajectory tracking of a robot manipulator in the virtual environment. 

 

 

4.2 Dynamic Analysis 
A 9DOF (1P8R) serial manipulator is designed and simulated in ‘Simulink/Simscape Multibody’ and multi-

body simulations for observing the dynamic behaviour of the robot for trajectory tracking in the chosen 

virtual environments. The inertia properties of the robot manipulator are obtained by using 3D modelling 

software as given in Table 6. 

 

For reaching the TSL, the required torque is necessary at each joint, determined by using the Recursive 

Newton-Euler method as discussed in Section 3.1. The variation of torques for complete joint-level 

trajectory generation is shown in Figure 12. The torque generated by the N-E method is fed to the robot 

placed in a virtual environment of guava; due to the inertia properties of the links, the robot is unable to 

trace the trajectory. The simulations of the robot during the fruit-picking application in a virtual guava 

environment were conducted in Simscape Multibody Dynamics, and a screenshot is presented in Figure 13. 
 

Table 6. Redundant manipulator inertial properties. 
 

Link Name Mass ( )kg  
xxI 4( )m  xyI  

4( )m  
xzI  

4( )m  yyI  
4( )m  yzI  

4( )m  
zzI  

4( )m  

L1 0.23905 1.18×10-5 -3.50×10-21 -8.67×10-22 7.5063×104 -1.17×10-22 7.5077×104 

L2 0.23811 1.17×10-5 -4.34×10-22 -1.05×10-21 7.404×104 -2.80×10-22 7.4044×104 

L3 0.23811 1.17×10-5 -4.16×10-21 -1.79×10-21 7.4039×104 -3.42×10-22 7.4045×104 

L4 0.23811 1.17×10-5 -3.94×10-21 -1.64×10-21 7.4039×104 -7.33×10-22 7.4045×104 

L5 0.23811 1.17×10-5 3.17×10-21 9.80×10-21 7.404×104 -4.37×10-22 7.4044×104 

L6 0.21292 5.4842×104 -1.30×10-21 -5.45×10-21 1.02×10-5 2.46×10-9 5.4847×104 

L7 7.2186×103 1.14×10-6 1.15×10-12 -6.51×10-13 1.17×10-6 9.75×10-12 5.51×10-7 

L8 0.029379 2.84×10-6 2.63×10-13 3.37×10-15 2.87×10-6 4.95×10-15 1.32×10-6 

L9 0.011124 1.16×10-6 -4.07×10-23 -2.82×10-22 2.02×10-6 6.08E×10-23 1.05×10-6 

 

During the trajectory tracking of the robot manipulator, the position and velocity error graphs are depicted 

in Figure 14 and Figure 15. From the position tracking in Figure 14, it is shown and observed that there is 

a large variation at each joint level trajectory. Therefore, the velocity tracking of each joint is experiencing 

sudden changes compared to the required velocities. To obtain the smooth motion of the robot manipulator, 

different controllers are modelled and tuned in the following sections. 
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Figure 12. Torque at each joint obtained by N-E method. 

 

 

 
 

Figure 13. Robot manipulator in the virtual agricultural environment during simulations study in simscape 

multibody dynamics. 

 

 

 

From the position and velocity error graphs, it is known that the trajectory tracking end-effector between 

the TSLs is difficult due to dynamic aspects. To minimize the trajectory tracking errors in position and 

velocity, several controllers were adopted in this study. The performance of the controllers is predicted by 

measuring the difference between the desired and measured values. The control parameters for adapted 

controllers are chosen after an effective tuning process. However, after the tuning, the controller parameters 

remain the same for different trajectory tracking contests. The results obtained from different combinations 

of PID controllers for trajectory tracking are discussed in this section. The computational time of the 

controllers is also reported for the selection of an effective controller. All simulations were carried out using 

Matlab/Simulink 2022a software. 
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Figure 14. Position tracking without controller. 

 

 

 
 

Figure 15. Velocity errors without controllers. 

 

 

4.3 Controllers for Trajectory Tracking 

4.3.1 PD and PID controllers 
The PD and PID controllers are developed for the robot using Matlab/Simulink and are shown in Figure 16 

and Figure 17. The robot joint variables are generated using the ‘Polynomial trajectory generator’ and 

supplied to controller gains.  
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Figure 16. PD controller for robot manipulators. 

 

 

 
 

Figure 17. PID controller for robot manipulators. 

 

The control parameters attained after tuning process Kp, Kd are 200, 40 were selected for PD controller. For 

the PID controller, the attained control parameters Kp, Ki and Kd are 300, 700, and 135 respectively. The 

controlled signal is fed back to robot model for trajectory generation. The position and velocity tracking 

errors after tuning with the PD controller are shown in Figure 18 and Figure 19 respectively.  

 

 

 
 

Figure 18. PD position control – error. 
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In Figure 18, the noted difference at joint 1 is nearly 7 cm, and for the remaining joints 2 to 9 the errors are 

in the order of 10-3 radians. The tuned PD controller during position tracking, results in maximum variation 

(error) for prismatic joint (J1) than errors in revolute joints (J2 to J9) from the observations. Similarly, for 

velocity tracking with the PD controller, the maximum error at the prismatic joint is 0.074 m/s, and for 

joints 2 to 9, the errors are in the order of 10-3 rad/sec.  
 

 
 

Figure 19. PD velocity control – error. 

 

In the same way, the position and velocity tracking errors for the PID controller are shown in Figure 20 and 

Figure 21, respectively. The position tracking error for joint 1 is 1.4 cm, and for joints 2 to 9, the errors are 

a factor of 10-3. Velocity tracking errors with the PID controller are 3.8 cm/s for joint 1, and 0.037 rad/sec 

is the maximum variation that occurs at joint 3. The position and velocity trajectories errors for the PID 

controller are less when compared to PD controller. The time consumed for tracking the trajectory with a 

PD controller is 16.7 sec, whereas with a PID controller it is 24.2 sec. The time taken by the PID controller 

was 45.2% higher than that of the PD controller. 
 
 

 
 

Figure 20. PID position control – error. 
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Figure 21. PID velocity control – error. 

 

 

4.3.2 Feed-Forward Controller 
The Feed-Forward (FF) controller is quite similar to the PD controller with the Inverse Dynamics (ID) 

block and is presented in Figure 22. In the FF controller, the control parameters Kp, Kd are chosen as 10 and 

2, respectively. Figure 23 shows the error in joint 1 is 0.03 cm, and the maximum error is 0.0005 radians at 

the remaining joints. During velocity tracking from Figure 24, at joint 1, the error is noted as 0.3 cm/s, and 

0.0028 rad/s is the maximum variation in revolute joints. 

 

 

 
 

Figure 22. Feed-Forward controller for robot manipulator. 

 

 

The FF controller is working effectively for tracking both position and velocity as compared to PD and PID 

controllers. The controller uses 15.15% more time than the PID controller.  
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Figure 23. Feed-forward controller position error. 
 

 

 
 

Figure 24. Feed-forward controller velocity error. 

 

 

4.3.3 PD-CTC and PID-CTC Controllers 
CTC, in combination with PD and PID, is chosen in this work for trajectory tracking. The controllers PD-

CTC and PID-CTC with control parameters Kp, Kd are 150, 25 and Kp, Ki, Kd are 150, 375, and 25 

respectively, and the Simulink diagram of the PD-CTC controller is shown in Figure 25. The detailed view 

of the CTC block in the Simulink environment is shown in Figure 26.  
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Figure 25. PD-computed torque control. 

 

Figure 27 shows the errors in the PD-CTC controller. At joint 1, the variation of position is 0.036 cm, and 

0.57 radians maximum variation occurs in the remaining joints. From Figure 28, during velocity tracking, 

there was a 0.03 cm/s error in joint 1 and a 0.012 rad/s maximum variation in other joints. 

 

PID-CTC controller errors are shown in Figure 29 and Figure 30. At joint 1, the position variation is 0.016 

cm, and the maximum variation of 2.02 radians occurs at the remaining joints. During velocity tracking, 

there was a 0.03 cm/s error at joint 1 and a 0.59 rad/s maximum variation at wrist joints. The chosen 

controllers are effectively tracking for the first six joints but are unable to execute for the last three joints, 

i.e., at the wrist location. The target position is attained using these controllers, and it is difficult to achieve 

orientation. PID-CTC is taking 51.62 seconds to track the trajectory; similarly, PD-CTC is taking 50.81 

seconds. PD-CTC has taken 1.6% less time compared to PID-CTC to track the trajectory. Although PD-

CTC has less time, effective tracking results are obtained from the PID-CTC controller. 

 

 
 

Figure 26. Block diagram of computed torque control. 
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Figure 27. PD-CTC position error. 
 

 

 
 

Figure 28. PD-CTC velocity error. 

 

 
 

Figure 29. PID-CTC position error. 
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Figure 30. PID-CTC velocity error. 

 

4.3.4 Feed-Forward-2DOF PID Controller 
The FF-2DOF PID controller shown in Figure 31 is also implemented for the robot to track the trajectory. 

From Figure 32, it is observed that the maximum variation is 15 cm at the prismatic joint and 0.043 radians 

at the revolute joint. Similarly, during velocity tracking, there was a 1.5 m/s difference at joint 1 and a 0.03 

rad/sec variation for other revolute joints, as observed in Figure 33. From the obtained results, the chosen 

controller is unable to control the joints and takes more time to track the trajectory compared to other 

controllers. 

 

 
 

Figure 31. Feed-forward 2-DOF PID controller. 

 

The gains Kp, Ki, and Kd of the controllers PD, PID, Feed-Forward, PD-CTC, PID-CTC, and FF-2DOF PID 

are tabulated in Table 7. The position and velocity absolute errors that occurred at each joint for different 

controllers are tabulated in Table 8, and the time taken by each controller to generate control signals is also 

observed and listed in this table. The minimum errors obtained from the controllers used in this paper are 

represented in bold letters in Table 8. The maximum absolute positional error by the PID-CTC controller 

is 0.2 mm, which is low when compared to the positional error of the serial manipulator used in Zhang et 

al. (2020). The consolidated ranking of the controllers is given in Table 9, along with the results obtained 

from Table 8. 
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From Table 9, the time taken by the PD controller is the minimum for controlling the robot manipulator. 

During the trajectory tracking, the positional and velocity errors are minimum with the PID-CTC controller 

for the prismatic joint, whereas the FF controller has minimum errors for controlling the revolute joint. 

 

 

 
 

Figure 32. Feed-forward 2-DOF PID controller position error. 

 

 

 
 

Figure 33. Feed-Forward 2-DOF PID controller velocity error. 

 
Table 7. Controller parameters. 

 

S. No. Controller Kp Ki Kd 

1 PD 200 NA 40 

2 PID 300 700 135 

3 Feed-Forward control 10 NA 2 

4 PD-CTC 150 NA 25 

5 PID-CTC 150 375 25 
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Table 8. A Joint space trajectory tracking errors. 
 

S. No. Controller Running time (sec) Joint 
POSITION VELOCITY 

Min error Max error Min error Max error 

1 PD 16.6513 
Prismatic 0.07007 0.07193 0.005621 0.07375 

Revolute 0.0005421 0.01975 0.005099 0.09051 

2 PID 24.183 
Prismatic 0.01402 0.01438 0.005991 0.03805 

Revolute 0.0007415 0.004013 0.001704 0.003662 

3 Feed-Forward control 27.847 
Prismatic 0.0003384 0.0005716 0.0002753 0.0007644 

Revolute 0.0005048 0.0007931 0.002431 0.002955 

4 PD-CTC 50.8087 
Prismatic 0.0001766 0.0003566 0.0003143 0.0004094 

Revolute 0.03316 0.5735 0.01162 0.01234 

5 PID-CTC 51.6213 
Prismatic 0.0001555 0.0001657 0.0002377 0.000292 

Revolute 0.3508 2.022 0.5863 0.5876 

6 FF-2DOF PID 797.754 
Prismatic 0.1581 0.1985 1.53 7.185 

Revolute 0.04327 0.06969 0.02918 0.1282 

 

 

Table 9. Ranking of controllers. 
 

Rank Time 
PRISMATIC REVOLUTE 

POS VEL POS VEL 

1 PD PID-CTC PID-CTC FF FF 

2 PID PD-CTC PD-CTC PID PID 

3 FF FF FF PD PID-CTC 

4 PD-CTC PID PID FF-2-DOF PID PD 

5 PID-CTC PD PD PD-CTC FF-2-DOF PID 

6 FF-2-DOF PID FF-2-DOF PID FF-2-DOF PID PID-CTC PID-CTC 

 

 

 

5. Conclusions 
In this work, dynamic analysis of a 9-DOF serial redundant robot manipulator working in a virtual 

agricultural environment has been carried out. The joint variables required to reach TSLs are determined 

using the classical optimization technique. During the motion planning of the robot, collisions with the 

surrounding environment are avoided by using the bounding box technique. Cubic polynomial trajectories 

are generated for each joint of the manipulator, and required torques are computed using the Recursive 

Newton-Euler method. For effective trajectory tracking of the manipulator, variations in torque are 

controlled by different combinations of PD and PID controllers, which are designed in the Simulink 

environment. A simulation study is presented for trajectory tracking of the robot manipulator, and the errors 

in position and velocities are presented and compared among the controllers. From the results, it is observed 

that for the prismatic joint, the PID-CTC controller is giving a better response with the least tracking errors 

at positional and velocity levels. In a similar way, for smooth motion in the revolute joints, the Feed-

Forward controller has minimal errors compared to the remaining controllers used in this article. Although 

the computational time of the PD controller is less, it is performing poorly when compared to other 

controllers. From the results, it is concluded that in an agricultural environment that is less dense, the robot 

can choose a controller that has less processing time to obtain high productivity by compensating the 
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trajectory errors, and if the robot is working in highly dense environments, it will choose a controller that 

has the least trajectory errors. This work can be further continued by investigating the validity of a 

combination of meta-heuristic algorithms with PID controllers for agricultural environments. 
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