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PID Controller
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a College of Control and Systems Engineering, University of Technology-Iraq, Baghdad, Iraq
b College of Artificial Intellegence Engineering, University of Technology-Iraq, Baghdad, Iraq

ABSTRACT

The Par-4 Delta parallel robot is a powerful candidate in most pick-and-place applications
that require high speed, high acceleration, and high precision. Improving the tracking accuracy
of parallel robots primarily relies on control design, which is essential for achieving enhanced
performance and precision. The PID controller includes proportional, integral, and derivative
values. On the other hand, the process of optimum tuning for a PID controller is complex and
time-consuming until optimization approaches are employed. The Particle Swarm Optimization
(PSO), Flower Pollination Algorithm (FPA), and Whale Optimization Algorithm (WOA) algorithms
are the three Nature-Inspired Optimization algorithms proposed in this research for tuning the
controller settings. To achieve the global minimum of tracking errors, the purpose of these
approaches is to optimize the tuning of the PID controller’s parameters toward the ideal level.
The Root Mean Square Error (RMSE) indicates that the Whale Optimisation Algorithm (WOA)
outperforms other methods in terms of tracking accuracy. WOA outperforms the classical PID
controller by 58.5% in the x-axis and 85% in the z-axis. It also improves tracking by 33.9%
(x-axis) and 69.3 % (z-axis) over the PSO-PID controller, and by 33.9% (x-axis) and 77.2% (z-axis)
compared to the FPA-PID controller.

Keywords: Par-4 Delta Parallel Robot, PID controller, PSO algorithm, FPA algorithm, WOA
algorithm

Highlights

1. This study proposed a PID control design for each channel of the Par-4 delta parallel robot.
2. The study developed three algorathims based on PSO,FPA and WOA to tune the terms of PID

controllers.
3. Acomparative study has been conducted among the optimized PID controllers for the Par-4 Delta

parallel robot in terms of tracking accuracy.
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1. Introduction

The parallel robot manipulators have greater advantages than series manipulators due to
their stiffness, accuracy, high speed, high acceleration and they could carry more weight.
However, the parallel robots are limited in works space and mobility [1, 2]. One of the
parallel robot types is the delta robot, which was designed by Reymond Clavel and his
scientific group in the beginning of the eighties. In the past few years, high-speed pick-
and-place parallel robots, like the Delta parallel robot, have been used in many applications
such as electronics, food, pharmaceuticals, packing, and other light industries [3].

Researchers have explored several control methods for the Delta robot’s trajectory
tracking, including adaptive control, sliding mode control, and model predictive control.
Due to the complex dynamics and interactions of parallel robots, developing an effective
strategy is challenging [3–5]. Many schemes aim to enhance tracking accuracy and reduce
errors. Below, we provide a brief description of these methods.

In [6], D. Zhu et al. have proposed adaptive backstepping fractional-order non-singular
terminal sliding mode control (ABF-NTSMC) to address the effects of external disturbances
and inaccuracies in the robot’s modelling, which are lumped and updated by the developed
adaptive law. In [7], F. Serrano and M. Cardona present a robust H-infinity control design
for trajectory control of the Delta robot in the presence of disturbances. The proposed
control methodology has developed a control law based on an appropriate Lyapunov
functional to enhance tracking accuracy. In [8], T. Yigit and H. Celik applied particle
and moth swarm optimizations to tune the parameters of the FOPID controller optimally.
The results obtained with the optimised POPID controller are compared to those obtained
with the optimised integer PID controller, using the same optimisation methods. The study
demonstrated that the optimal FOPID controller provides superior tracking performance
compared to the integer version. In [1], M.A. Laribi et al. have applied the Genetic
Algorithm approach to avoid workspace limitations in the DELTA robot. In [9], M. Rachedi
et al. presented a centralised H∞ multi-variable controller for trajectory tracking of a
delta robot based on sensitivity and complementary function matrices. As compared to
the traditional PID controller, the proposed H∞controller showed 60% improvement in
terms of steady-state error.

In [10], X. Lu and M. Liu improved a PID fuzzy logic controller to control a Delta parallel
robot. They addressed an optimal design problem using the Non-dominated Sorting Genetic
Algorithm (NSGA-II). Their work demonstrated an effective method for designing and
adjusting the PID controller to achieve better performance. In [11], X. G. Lu and colleagues
used a type-1 fuzzy logic controller (T1FLC) to manage the Delta robot’s trajectory. They
tuned the membership functions and then used the best version to create fuzzy sets for
another controller, which improved trajectory tracking despite uncertainties. In [12],
L. Angel and J. Viola compared fractional and integer-order PID controllers using a
simplified model of a delta robot. They found that the fractional PID controller performed
better in accuracy, torque applied, and resistance to disturbances. In [13], A. J. Humaidi
et al. developed two controllers for a Delta/Par4-like parallel robot: an augmented PD
(APD) controller and an augmented nonlinear PD (ANPD) controller. In [14] A. J. Humaidi
et al., they enhanced performance by optimizing controller settings using particle swarm
optimization (PSO). In [15], J. B. Villamizar and L. A. Silva introduced an FOPID controller
for tracking a parallel robotic manipulator. In [16], L. Wu and others proposed a control
design that adapts robustly using a fuzzy model for the Delta robot while accounting for
changes, disturbances, and nonlinear friction. In [17], Yong-Ju Pak et al. optimized a
robust PID controller for a Delta parallel robot using a combined strategy of PSO and
differential evolution (DE). In [18], T.-L. Bui et al. utilised Hedge Algebras (HA) for
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trajectory tracking of the Delta robot, demonstrating that it outperformed Fuzzy Logic and
PID controllers. In [19], A. Zhao et al. presented a control-affine neural network model
with sliding mode control for the Delta robot using stepper motors.

Recently, PID controller has demonstrated enhancements in stability and system perfor-
mance despite the presence of model uncertainties and external disturbances after tuning
its parameters with one of the optimization methods. As the present research studies
the feasibility of a PID controller for a Delta parallel robot Par-4 via three optimization
methods such as Particle Swarm Optimization (PSO), Flower Pollination Algorithm (FPA),
and Whale Optimization Algorithm (WOA), to tune the primary three PID controller
parameters, KP, KD, and KI [20–32, 39].

The contributions of this study can be summarized as follows:

• Proposing PID control for each channel to manage the dynamics of the Par-4 Delta
parallel robot.

• Developing and designing algorithms to tune the parameters of the PID controller for
the Delta robot based on five optimization techniques: Particle Swarm Optimization
(PSO), Flower Pollination Algorithm (FPA), and Whale Optimization Algorithm (WOA).

• Conducting a comparative study on tracking performance among optimal PID con-
trollers, which have been optimized using the proposed algorithms.

The present research contains the dynamic equation of delta parallel robot Par-4 in
Section 2, then the PID controller simplified details in Section 3. Section 4 introduce the
optimization methods with each type algorithm. Section Section 5 shows the simulated
results and finally conclusions are in 6.

2. Parallel robot structure and dynamics

The Delta/Par4-like robot is a parallel manipulator known for its speed and agility. It
has lightweight, strong parts and consists of four actuators that enable movement in three
directions: up and down (z-axis), left and right (x-axis), and forward and backward (y-axis).
Fig. 1 illustrates the three main components of the Par-4 robot: Eq. (1) the fixed base, which
includes the reducer, Eq. (2) servo motor, Eq. (3) mounting frame, and Eq. (4) robot arm;
Eq. (5) the movable base with one actuator; and Eqs. (6) and (7) are considered as the
spherical hinge connecting the arms to four symmetrically arranged chains [20].

Delta robot’s function in both joint and Cartesian spaces, using 3D coordinates (x, y, z)
for the end effector and base arm angles for the joint space. This setup allows for parallel
movement in tasks like picking, placing, and tracking paths.

There are two types of kinematics and dynamics: forward and inverse. Forward kinemat-
ics uses joint angles to find the end effector’s Cartesian location, while inverse kinematics
finds them. Delta robots require efficient and precise mapping between these regions for
precision control, especially in high-speed applications. A challenge with Cartesian control
in joint space is adjusting the end effector’s orientation quickly. This can be addressed
by using dynamic kinematics in Cartesian space and calculating posture through forward
kinematics.

The most important disadvantage of Cartesian control with respect to joint space control
is the difficulty in obtaining a fast and accurate observation of the end effector pose,
which represents a restriction for its utilization. In order to solve this issue, it is possible
to do the control in Cartesian space by using the forward kinematics to compute the
end-effector pose. However, it is shown in that the utilization of the measured end-effector
pose increases the tracking performance of the controller [13].
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Fig. 1. The delta parallel robot par-4 schematic diagram.

First, we provide the Delta/Par4-like robot arm equilibrium analysis. We connect the
acceleration vector q to the actuator torque vector τq using the following equation:

τq − JTq F = Itot q̈ (1)

where JTq denotes the joint Jacobian of the robot, F represents the forces vector of exerted
on robot arm, and Itot is a diagonal matrix.

Second, the moving plate’s balance is looked at. We can write the motion equation for
the moving plate as [20]:

JTx F = Mtot Ẍ (2)

where JTx is Cartesian Jacobian of the robot, Mtot is a diagonal matrix, and the position
parameter X = [ x y z ]. The dynamic model of Delta/Par4 like robot will be written
in Cartesian space as [20]:

Mtot Ẍ = JTx J
−T
q

(
τq − Itot q̈

)
= JTm

(
τq − Itot q̈

)
(3)

And it can be rewritten as the dynamic control schemes are based on the Lagrange
formulation of the inverse dynamic model of a robot, which is given in the joint space
by in the following equation [20, 30]:

M Ẍ +C Ẋ = JTm τq = F (4)

Where the inertial matrix is M = Mtot + JTm Itot Jm, and the centrifugal and Coriolis
forces as C = JTm Itot J̇m.

3. Controller design

The Proportional, Integral, and Derivative (PID) controller is widely used in industries
but may struggle with nonlinear systems found in manufacturing. PID controllers often
trade off between performance and robustness, making it hard to achieve both while
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Fig. 2. Delta/par-4 parallel robot close-loop system.

maintaining stability. They can fail to manage unpredictable systems and may not provide
effective disturbance rejection [25]. Despite these limitations, PID controllers are popular
due to their simplicity and good performance, with many resources available on their
operation and design. The PID controller is expressed as:
GIOPID (s) = u (s) /e (s) = Kp + KI s−1

+ KD s (5)

where u(s) symbolizes the control action, e(s) symbolizes the error and Kp symbolizes the
proportional gain, KI symbolizes the integral gain, and KD symbolizes the derivative gain.

According to control law of Eq. (5), the Par4-Delta parallel robot dynamic model can be
described by Eq. (6):

M Ẍ +C Ẋ = M Ẍd +C Ẋd + Kp e+ KI s−1e+ KD s e (6)

Eq. (7) can be rewritten as:

M (ë)+C (ė)+ Kp e+ KI s−1e+ KD s e = 0 (7)

where Ẍd and Ẋd are the desired travelling plate acceleration and velocity, correspond-
ingly, and e = [ ex ey ez ]T = Xd − X represents the position errors in the three
channels, as shown in Fig. 2.

4. Optimizations with meta-heuristic

Metaheuristics are more complex processes or heuristics that try to locate, invent, or
pick a partial search strategy that may correctly solve an optimization issue. Usually,
we use them when we lack information or computational power. Meta algorithms may
be employed for numerous optimization issues since they don’t make many conclusions
[9]. Due to their simplicity and ease of use, meta-heuristic optimization methods are
becoming increasingly prominent in engineering. Additional reasons for their popularity in
engineering include their ability to avoid local optima and their versatility across various
domains [17].

The PID controller has to adjust its three parameters to work well. Instead of employing
the time-consuming trial-and-error technique, this work formulates the tuning process as
an optimization problem, as illustrated in Fig. 3. Then, three meta-heuristic optimizations
are used to fix the multi-objective problems. These are the Particle Swarm Optimization
(PSO), the Flower Pollination Algorithm (FPA), and the Whale Optimization Algorithm
(WOA). The selection of these methods depended on their well-established and effective
in solving nonlinear control and engineering optimization problems.
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Fig. 3. Tuning pid controller with optimization metaheuristic.

4.1. Particle swarm optimization algorithm PSO

Use either the Microsoft Equation Editor or the MathType add-on for all math objects in
your paper. When numbering equations, enclose numbers in parentheses and align with
the right margin.

PSO population of particles explores space at a speed that changes based on its location
without considering mass and volume [21]. Between iterations, swarm particles may
update their virtual locations to enhance PSO search performance. In search of the ideal
solution, each particle in the swarm goes to its prior best location (pbest ) and the best
position overall (gbest ) [29–37].

The position of the global best particle is the optimal solution obtained by PSO, where
the new velocity vt+1 is generated by applying the following equation:

vt+1
i = vti + α ε1

[
g∗ − xti

]
+ β ε2

[
x∗(t )i − x

t
i

]
(8)

Where ε1 and ε2 are two random vectors with values between 0 and 1. α and β are the
learning parameters or acceleration constants, which are estimated as α ≈ β ≈ 2. Also,
determine the new position locations of the position
xt+1
i = xti + vt+1

i (9)

The main stages of PSO may be delineated using the pseudocode presented in Algorithm
below:

4.2. Flower pollination algorithm FPA

Four concepts may construct the flow pollination process that inspired FPA:
Rule 1: Levy flight patterns govern global pollination by biotic and cross-pollinators.
Rule 2: Self-pollination and abiotic causes cause localization.
Rule 3: Floral constancy links two flowers’ relationships to reproduction.
Rule 4: Control pollination globally or locally by choosing an adjustment probability

between 0 and 1.
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Pseudocode of Particle Swarm Optimization

Objective function f (x), x = (x1, . . . , xn)T
Set initial locations xi and velocity vi of n particles.
Find g∗ from min{ f (x1) . . . , f (xn)} (at t = 0)
while (criterion)
for the cycle over all n particles and all D dimensions
Generated new velocity vt+1 as in Eq. (8)
Determine the new position locations of the position xt+1

i as in equation Eq. (9)
Measure objective functions in novel locations xt+1

Determining the current optimal value for each particle x∗ii
end for
Determine the current global best value of g∗
Update t = t + 1 (pseudo time or iteration counter)
end while
The final results x∗i and g∗ should be output.

Pseudocode of Flower pollination algorithm

Objective min or max f (x), x = (x1, x2, . . . , xd )
Initialize a population of n flowers/pollen gametes with random solutions
Find the best solution g∗ is the current best solution found among all solutions at the current
generation/iteration.

Define a switch probability p∈ [0,1]
while (t < Max Generat ion) where t is the number of iteration
for i = 1 : n (all n flowers in the population)
if rand < ρ, proximity probability ρ can be effectively used to switch
between common global pollination to intensive local pollination.
Draw a (d-dimensional) step vector L which obeys a L´evy distribution
Global pollination via Eq. (10)
Where xti is the pollen i or solution vector xi at iteration t , and γ is a scaling factor to control the step size

Else
Draw ε from a uniform distribution in [0,1]
Do local pollination via xt+1

i
end if Eq. (11)
Evaluate new solutions
If new solutions are better, update them in the population
end For
Find the current best solution g∗
end while
Output the best solution found

Table 1. Parameters for pid controller gains with three optimization types.

Channel of controller’s gains

Controller’s gains

Classical PSO Algorithm FPA Algorithm WOA Algorithm

Kp 60 × 103 3.0297× 104 2.8913× 104 60 × 103

Ki 1 × 10−3 0.0068 60.3737 44502.45
Kd 1 × 103 802.4862 817.4135 900
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Pseudocode of Whale Optimization Algorithm

Initialize the whales population Xi (i = 1, 2, . . . , n)
Calculate the fitness of each search agent
→

X best (t ) = the best search agent
while (t < maximum number of iterations)

for each search agent
Update a,

→

A,
→

C , l, and p
if1 (p < 0.5)

if 2 (|A| < 0.5)
Update the current position by Eq. (12)
else if 2 (|A| ≥ 1)
Select a random search agent

→

X rand
Update the position of the current search agent by applying Eq. (14)
end if 2

else if1 (p ≥ 0.5)
Update the position of the current search by the (Eq. (16))
end if 1
end for
Check if any search agent goes beyond the search space and amend it
Calculate the fitness of each search agent
Update

→

X best if there is a better solution
t = t + 1
end while
return

→

X best (t )

Fig. 4. X – axis position response of controlled 4DOF parallel robot.

Table 2. Evaluation of tracking errors based on both controllers.

Channel of controller’s gains

Root Mean Square of Errors (RMSE) (mm)

Classical PSO Algorithm FPA Algorithm WOA Algorithm

ex 5.3 × 10−3 3.5 × 10−3 3.5 × 10−3 2.2 × 10−3

ey 0 0 0 0
ez 10.1 × 10−3 3.1× 10−3 2.3 × 10−3 1.5 × 10−3

8
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Fig. 5. Z – axis position response of controlled 4DOF parallel robot.

Fig. 6. X – axis position error response of controlled 4DOF parallel robot.

Table 3. Evaluation of actuating torques based on both controllers.

Channel of controller’s gains

Root Mean Square of Torque (RMST) (N.m)

Classical PSO Algorithm FPA Algorithm WOA Algorithm

τM1 28.6199 34.3272 36.2545 35.1488
τM2 5.5626 7.1734 6.0577 6.1984
τM3 18.7908 21.4428 19.3486 21.1186
τM4 5.5626 7.1734 6.0577 6.1984

Flying insects carry flower pollen gametes in the worldwide pollination process [25,
37], where the above principles must be converted into updating equations to produce
updating formulas as in the following, for both Rule 1 and Rule 3 associations to give
global pollination as [15]:

X t+1
i = X ti + Lγ

(
X ti − g∗

)
(10)

9
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Fig. 7. Z – axis position error response of controlled 4DOF parallel robot.

Fig. 8. The root-mean square error (RME) statistical analysis.

where X t+1
i and X ti are t − th iteration solutions, L is Levy flight step, is a scaling factor and

global best is the present optimal solution, g∗ is the global best solution. However, Rule 2
and Rule 3 combine to give local pollination as:

X t+1
i = X ti + ε

(
X tj − X tk

)
(11)

Where X tj and X tk are randomly generated numbers and ε is a random number between
0 and 1. Below is the pseudo-code for the FPA:

4.3. Whale optimization algorithm WOA

Define abbreviations and acronyms the first time they are used in the text, even after
they have already been defined in the abstract.
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WOA is based on humpback whales’ bubble-net feeding society. Whales find and attack
prey two ways. One tactic includes enclosing the prey, while the other uses bubble nets.
Whales optimize by searching for prey and exploiting during the attack phase [37–39]. The
algorithm simulates surrounding prey, spiral update, and exploration to improve an issue
[24, 28]. Other search agents use the following equations to update the current search
agent’s location toward the optimal answer [27, 28]:
→

D =
∣∣∣→C .→X ∗ (t )−

→

X (t )
∣∣∣ (12)

→

X (t + 1) =
→

X
∗

(t )−
→

A.
→

D (13)

Fig. 9. Torque response of controlled delta parallel robot par-4: a)for motor 1, b) for motor 2, c) for motor 3, d) for
motor 4.
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Fig. 9. Continued.

Here
→

A and
→

C are the co-efficient vectors.
→

X
∗

is the position vector of the best solution
obtained so far. X is the current position vector. So, X∗ will be updated on each iteration
if there exists a better solution.

The vectors
→

A and
→

C are calculated as follows:
→

A = 2
→

a .
→

r −
→

a ,
→

C = 2.
→

r
Where

→

a is linearly decreased from 2 to 0 over the course of iterations (in both explo-
ration and exploitation phases) and

→

r is a random vector in [0, 1], p indicates a probability
factor with random number in [0, 1] based on whales that use two types of Bubble Net
Attacking methods: Shrinking Encircling Mechanism (achieved by the decreasing value of
→

a ) and Spiral Updating Position (the whale moves spirally towards its prey) to update the
position. In Spiral Updating Method, distance ‘D’ between the position of the whale (X,Y )

12
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Fig. 10. The root mean square torque (N.M) statistical analysis.

and its prey (X∗,Y ∗) is calculated as in [27]:

Ẍ (t + 1) =
→

D. ebt . cos
(
2π l

)
+
→

X
∗

(t ) (14)

Where b is a constant and l is a random number between [−1, 1] and D = |
→

X
∗

−
→

X |
Then by tacking

→

X rand is a random search agent from current population, and the position
of the current search agent is updated by:

D =
∣∣∣ →C →

X rand (t )−
→

X
∣∣∣ (15)

→

X (t + 1) =
→

X rand (t )−
→

A .
→

D (16)

Below is the pseudo-code for the Whale Optimization Algorithm (WOA):

5. Simulation results

The figures illustrate the position, position error, torque, and control input over time. The
paper discusses the performance of a delta robot using a PID controller, with its parameters
tuned by three methods: Particle Swarm Optimization (PSO), Flower Pollination Algorithm
(FPA), and Whale Optimisation Algorithm (WOA). Each method was tested under the same
conditions, using a population size of 30 and 100 iterations. WOA outperformed the others
in convergence, accuracy, and computation time, making it the preferred method for final
implementation. Table 1 lists the parameters for each optimization method.

In Figs. 4 and 5 reveal the time-varying position tracking for the delta parallel robot
Par-4 in both the x-axis and z-axis, respectively, starting by the classical PID controller
implementation then tuning the PID controller three parameters using PSO firstly, FPA,
and finally WOA methods, where the results show significant improvement by applying
WOA as compared to the other showed results, by producing a more stable response with
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less overshoot and steady-state error. This was noticeable after calculating the root mean
square (RMSE) error result as shown in Table 2 and Figs. 6 and 7, also a statistical analysis
for the root mean square (RMSE) error shown in Fig. 8.

The WOA-PID controller effectively minimises undesirable variations and shows less
pronounced oscillations compared to other PID tuning methods, indicating greater stability
in reaching the desired position. As shown in Fig. 9, the torque over time for all four motors
with the WOA-PID controller displays consistent behaviour with fewer peaks and troughs.
A comparative study indicates that the WOA-PID controller delivers the best response,
enhancing system reliability by reducing unwanted mechanical effects. Table Table 3
presents the root mean square of the torque for different controller types, and Fig. 10
illustrates this evaluation through histograms.

The implemented results and figures show that the WOA-PID controller system response
improves the classical PID controller system response also the tuned PID controller by
both PSO and FPA optimization methods, when it comes to decreasing position error and
increasing the system’s stability.

6. Conclusions

The delta parallel robot Par-4 is considered a nonlinear system, which makes its control
challenging. Applying a PID controller requires manually tuning its three parameters as a
starting point and implementing three optimization methods, such as the PSO, FPA, and
WOA optimization methods. The robot’s results demonstrate the efficacy of the WOA-PID
controller in increasing system performance for precise trajectory tracking in Par-4 parallel
robot control tasks. The PID controller has an improvement in the x-axis of 33.9 % after
tuning its parameters with both the PSO and the FPA algorithms, of 58.5 % after tuning its
parameters with the WOA algorithm. In comparison, the PID has an improvement in the
z-axis of 69.3 % after tuning its parameters with the PSO algorithm, 77.2 % after tuning its
parameters with the FPA algorithms, and of 85 % after tuning its parameters with the WOA
algorithm, where the results showed oscillation reduction and more instantaneous error
convergence, proposing that WOA-PID works excellently in high-accuracy applications
where position error minimization is required. In order to extend this study for future
work, one can compare the optimized controller for the suggested parallel robot to other
control techniques used in the literature. Intelligent and nonlinear controllers may be used
for such comparison to show the effectiveness of proposed controller compared to others.
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