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Abstract: In this paper, a novel nonlinear proportional integral derivative controller based on the 
meta-heuristic optimisation technique is suggested. Due to its straightforward implementation 
and structure, the proportional integral derivative controller is frequently employed in nonlinear 
system control. The Teaching_Learning_Based_Optimisation algorithm, owing due to its 
effectiveness, rapidity, and minimum initialisation parameter required, has gained the attention of 
a significant number of researchers. The quadrotor’s actuation dynamics are controlled by 
nonlinear proportional integral derivative controllers. Moreover, under-actuated dynamics use the 
same controller mechanism. For each controller, six parameters are tuned using the integral time 
absolute error criteria. Through numerical simulation, the efficiency and control performance of 
the suggested scheme are proven and contrasted with those of the linear proportional integral 
derivative controller and the sliding mode control. The simulation research demonstrates the 
effectiveness and successful performance of the recommended control technique in terms of the 
transient response characteristics, tracking precision, and perturbation rejection. 
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1 Introduction 
The quadrotor is an unmanned aerial vehicle (UAV) which 
means aircraft that do not have pilots on board, with four 
rotors mounted in a cross shape, two of them rotate 
clockwise and the others anticlockwise. Using four motors 
and four propellers, a quadrotor can fly through the air and 
have the ability to take-off and land in limited space. The 
quadrotor, which is an unstable and under-actuated system, 
is typically used as a benchmark system to assess how well 
different control approaches perform. Applications for 

quadrotors include mapping, aerial cinematography, marine 
surveillance, combat support, traffic surveillance, and 
reconnaissance tasks for the military. Recently, research on 
quadrotor modelling and controlling have increased, and 
numerous strategies has been presented. Some of these 
approaches include: sliding mode control (SMC) (Ahmed 
and Chen, 2018; Hassani et al., 2022; Maqsood and Qu, 
2020; Mofid et al., 2020; Nadda and Swarup, 2018), neural 
network control (Boudjedir, et al., 2012; Muliadi and 
Kusumoputro, 2018), fuzzy logic control (Erginer and 
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Altuğ, 2012; Ginting et al., 2022), predictive control 
(Abdolhosseini et al., 2013; Bangura and Mahony, 2014) 
and backstepping control (Rodríguez-Abreo et al., 2020; Yu 
et al., 2019). 

It is worth mentioning that the most well-known and 
commonly used controller is the proportional integral 
derivative (PID) controller. The difficult side for a PID 
control scheme is the attainment of its best parameter 
values. In the literature, there are several techniques for 
obtaining the parameters of a PID controller; a review of 
these tuning methods has been given in Borase et al. (2021). 
Several meta-heuristic algorithms: techniques of 
application, equations and implementation flowcharts/ 
algorithms are provided in Joseph et al. (2022). Proportional 
derivative and PID controllers are optimised using the 
genetic algorithm (GA) in Siti et al. (2019). For the 
quadrotor’s tracking path (Hasseni et al., 2021) explore the 
tuning of a quadrotor’s PID controller’s variables using 
stochastic nature-inspired algorithms; GA, evolution 
strategies, deferential evolutionary and cuckoo search. In 
Abbasi et al. (2013), the control of a quadrotor UAV has 
been considered using the PID control scheme with a fuzzy 
system to adjust the gains of the PID controllers. The 
combination of the PID control method with GA is used to 
control the altitude of a quadrotor in Khuwaja et al. (2018). 
A nonlinear PID controller is presented in Najm and 
Ibraheem (2019) to control the translational and rotational 
motions of the quadrotor; the parameters of the controllers 
are obtained using the GA. PID optimised by nature 
inspired algorithm, particle swarm optimisation (PSO), GA, 
and firefly algorithms (FA) have been explored in 
Moshayedi et al. (2020) to control the quadrotor system. 
(Alkamachi1 et al. (2017)) used PID controllers to stabilise 
the quadroter and attain the desired position and altitude; the 
variable values of the controller were determined using a 
GA. Extremum seeking algorithm (Muhsen and Raafat, 
2021) is utilised to obtain better PID parameters values for 
controlling the quadrotor system. PSO and GA were used in 
Saribas and Kahvecioglu (2021) to tune fractional order PID 
controllers for quadrotor control. A PID controller based on 
PSO and Differential Evaluation to tune the parameters of 
PID has been implemented with real-time simulations of the 
quadrotor in Can and Ercan (2022). A quadrotor’s attitude is 
controlled using online PID optimisation neural networks 
approach in Jabeur and Seddik (2022). A nonlinear 
fractional order PID (FOPID), which combines proportional 
gain with fractions of the derivative and integral actions to 
improve the exibility of the controller using PSO, has been 
suggested in Ibraheem and Ghusn (2016). 

In the present work, the translational and rotational 
motions of the quadrotor system are controlled using a 
nonlinear structure of the well-known PID controller 
(NLPID). The position, altitude, and three orientation angles 
(roll, pitch, and yaw angles) of the quadrotor system are all 
controlled by six nonlinear PID controllers. There are six 
adjustable parameters for each controller. In actuality, the 
integral time absolute error (ITAE) criteria and the  
meta-heuristic optimisation algorithm ‘teaching learning 

based optimisation (TLBO)’ are applied to derive these 
values. The NLPID controllers have a nonlinear gain k 
whereas a linear PID controller has three parameters (kp, ki 
and kd) that need to be optimised. The addition of this gain 
gives more design efficiency for the controller but 
significantly more difficult parameter setting. Despite the 
complexity and increased number of variables, this study 
shows the worth of the TLBO algorithm in controller 
tuning. Through numerical simulation, the effectiveness and 
control performance of the suggested scheme are proven 
and contrasted with those of the linear PID controller and 
the SMC. The simulation study demonstrates the 
effectiveness and successful performance of the 
recommended control technique in terms of the transient 
response characteristics, tracking precision, and disturbance 
rejection. 

The remainder of the article is structured as follows. The 
quadrotor’s mathematical model, which takes into account 
the motor’s dynamic, is provided in Section 2. The TLBO 
algorithm is briefly discussed in Section 3, while the 
control’s structure and algorithm are described in Section 4. 
Section 5 presents the simulation findings, while Section 6 
draws some conclusions. 

2 Quadrotor dynamic model 
The quadrotor system is completely nonlinearly modelled 
using the Euler-Newton formalism before being employed 
in the development of the various controllers. An accurate 
quadrotor model may be created by taking into 
consideration the velocity and acceleration vectors. Figure 1 
depicts a quadrotor with two motor pairs (1, 3) and (2, 4), 
each of which is capable of producing an independent thrust 
Ti, where i = 1, 2, 3, 4. 

The four motors’ speeds are changed to give the 
quadrotor its vertical motion to obtain the displacement 
along the X axis, increase or decrease the motors’ (1) and 
(3) speeds (pitch motion) to accomplish the displacement 
along the Y axis, increase or decrease the motors’ (2) and 
(4) speeds (roll motion). The yaw motion is caused by the 
variation in counter-torque between each pair of motors. 

Figure 1 Quadrotor aircraft scheme (see online version  
for colours) 
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The dynamics of the quadrotor are described by Zeghlache 
et al. (2012) using the Newton Euler formalism, accounting 
for frictions caused by aerodynamic torques, drag forces, 
gyroscopic effects, and the rotors dynamic. 
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Ui, i = 1, 2, 3, 4 the system control inputs are proportional to 
the angular speeds of the motors and are given by: 
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From the quadrotor dynamic (1), the expressions of  
non-holonomic constraints are given by: 
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The motors dynamic is given by the following equations 
(Zeghlache et al., 2012) 
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Then the model chosen for the rotors is as follows 
(Zeghlache et al., 2012): 
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The description of each variable and each parameter of the 
model is given in Table 1. 

 

 

Table 1 Description of the model variables and parameters 

Parameters Description 

[x y z] Linear position of the quadrotor 
[φ θ ψ] The angular position of the quadrotor 
[ω1, ω2, ω3, ω4] The motors speeds vector. 
U1 Vertical thrust 
U2 Pitching moment 
U3 Rolling moment 
U4 Yawing moment 

Ω  The overall residual propeller angular speed. 

m Total mass 
g Gravitational force 
Ix, Iy, Iz Moment of inertia vector 
Kfax, Kfay, Kfaz Aerodynamic friction coefficient 
Kftx, Kfty, Kftz Drag force coefficient 
b Thrust coefficient 
d Drag coefficient 
V Motor input 
ke Electrical torque constant 
km Mechanical torque constant 
kr Load constant torque 
r Motor internal resistance 
L Motor inductance 
Cs Solid friction 
Jr Motor inertia 

3 TLBO algorithm 
The TLBO algorithm, which measures the teacher’s impact 
on the performance of students in the class, is based on the 
teaching-learning process (Rao and Patel, 2012; Rao et al., 
2011, 2012). The algorithm identifies two fundamental 
forms of instruction: 

1 learning from a teacher, ‘teacher phase’ 

2 learning from other students ‘learner phase’. 

 

The many design variables in the optimisation problem are 
viewed as the various disciplines given to the student 
population. The learner’s outcome is the optimisation 
problem’s fitness value. The only two control elements 
needed for this strategy are the population size and the 
maximum number of repetitions. 

Initialising the algorithm’s parameters, which include 
the population size (n), the number of design variables (m), 
their upper and lower bounds (u, l), and the maximal 
number of repetitions Kmax, is the first stage. The following 
formula is used to produce the initial population: 
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( ) +
1, ..., , 1, ...,

ij j j jX rand u l l
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= ∗ −
= =

 (7) 

where rand is a random number between 0 and 1. 
For each iteration k (k = 1, ….., Kmax), the following 

steps are taken during the teacher and learner phases: 

3.1 Teacher phase 
The teacher is considered as a very attentive individual who 
works to raise the mean result of the optimisation variables. 

The mean result for all students in a certain subject is 
determined using: 

1

( )
( ) , 1, ...,

n ij
j i

X k
M k j m

n=
= =  (8) 

Then, a teacher Xbestj(k) in a subject j is thought of as the 
variable that yields the fitness function’s best value. Using 
the current mean result and the teacher’s result for each 
subject, the different between the two is determined: 

( )( ) ( ) ( ) , 1, ...,j bestj f fdiff k rand X k T M k j m= ∗ − =  (9) 

where Tf, which can be either 1 or 2, is the teaching factor, is 
given by: 

( +1)fT round rand=  (10) 

After, new solutions ( )new
ijX k  must be generated according 

to the equation below: 

( ) ( ) + ( )
1, ..., 1, ...,

new
ij jijX k X k diff k

i n j m
=

= =
 (11) 

The new solution ( )new
ijX k  is accepted and becomes the 

existing solution Xij(k), if it yields the optimal fitness 
function value; else, the current solution must be 
maintained. 

3.2 Learners phase 
The learners interact among themselves in order to improve 
their knowledge throughout this phase. Two learners XPj(k) 
and XQj(k) are randomly selected to interact among 
themselves. 

If XPj(k) yields the optimal fitness function value than 
XQj(k), the following equation produces a new solution, 

( ) :new
PjX k  

( )( ) ( ) + ( ) ( )new
Pj Pj QjPjX k X k rand X k X k= ∗ −  (12) 

Otherwise: 

( )( ) ( ) + ( ) ( )new
Pj Qj PjPjX k X k rand X k X k= ∗ −  (13) 

If the new solution ( )new
PjX k  gives the best value of the 

fitness function, it is approved and takes the place of the 
existing solution. In other, the present solution is preserved. 

4 Nonlinear PID controllers design 
4.1 Control structure 
The quadrotor system’s horizontal motions (x, y), altitude 
(z), roll angle (φ), pitch angle (θ) and yaw angle (ψ), are all 
controlled by six nonlinear PID controllers. The inner loop 
control and the outer loop control are the two control loops 
that build up the control structure in Figure 2. 

In order to obtain a fast response with no overshoot a 
nonlinear gain k is added to the conventional linear PID 
controller. 

The equations of the controllers are given as follows 
(Seraji, 1998): 
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where: i = x, y, z, φ, θ, ψ, 0 1 2, , , , , :i i i i i i
p i dk k k k k k    are the 

NLPID controllers’ parameters. 
The error signals are given by: 
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The required reference paths for the horizontal position, 
altitude, roll, pitch, and yaw angles are, respectively: xd, yd, 
zd, φd, θd, ψd. The related measured signals are xm, ym, zm, φm, 
θm, ψm. 

4.2 Control algorithm 
The parameters values of the NLPID controllers are 
determined through minimising the ITAE criterion using the 
TLBO algorithm. The ITAE criterion is: 

6

1

0
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i
i

i i
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ITAE t e t dt

=
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=

= ∗
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 (16) 

Considering s = 1, …, n, j = 1, …, m, k = 1, …, Kmax, n is 
the population size and m is the number of parameters that 
need to be adjusted; there are 36 parameters in this case, 
which are the gains of the six NLPID controllers. 

The optimisation algorithm’s maximum number of 
repetitions is Kmax. 

The fitness function is the criterion J and the used 
population is given by: 
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To each element Xs of the population X is associated a 
fitness function Js defined by (16). The following is a 
summary of each step in the optimisation algorithm: 

Step 0 Select the size of the population (n) and the 
maximum number of repetitions Kmax, set the 
number of the optimisation parameters (m = 36). 
Specify the upper and lower values of each 
optimisation parameter (uj, lj, j = 1, …, m) and the 
different reference trajectories. 

Step 1 Set the iterations index k = 1 and generate a 
random population X(k) using (7). 

Step 2 Compute the corresponding control laws Ui(k),  
i = x, y, z, φ, θ, ψ using the current population X(k) 
and (14). 

Step 3 Determine the system responses to the computed 
control signals and compute the corresponding 
errors. 

Step 4 For each element Xs(k) of the population X(k), 
calculate the corresponding value of the fitness 
function Js(Xs(k)) using (16). The element Xh(k) 
with the minimum value Jh(Xh(k)), h ∈{1, 2, 3, …, 
n} of the fitness function is taken as a teacher. 

Xbest(k) = Xh(k) such that: 

( ) ( )( ) ( ) , {1, 2, ..., }, 1, ...,h h s sJ X k J X k h n s n≤ ∈ =  

Step 5 Compute the mean result of the learners Ms(Xs(k)) 
using (8), the difference values diffs(k) using (9) 
and the teaching factor Tf using (10). 

Step 6 Generate the new population Xnew(k) according to 
(11). 

Step 7 Compute the corresponding control laws Ui(k),  
i = x, y, z, φ, θ, ψ using the new population Xnew(k) 
and (14). 

Then, determine the system responses to the 
computed control signals and compute the 
corresponding errors. 

Step 8 Evaluate the fitness ( ( ))new
s sJ X k  of each element 

of Xnew(k). 

If a new solution ( ),new
sX k  s = 1, …, n, gives the 

small value of the fitness function than the gerated 
solutions Xi(k), i = 1, …, n, if so, it is accepted and 
the present solution is maintained; otherwise, it is 
not. 

Step 9 Randomly choose two solutions XP(k) and XQ(k), 
P, Q ∈ {1, 2, …, n}, P ≠ Q, and generate new 
solution ( )new

sX k  according to (12) and (13). 

Step 10 Compute the corresponding control laws Ui(k),  
i = x, y, z, φ, θ, ψ, using the new solution ( )new

sX k  
and (14). Then, determine the system responses to 
the computed control signals and compute the 
corresponding errors. 

Step 11 Evaluate the fitness ( ( )).new
P sJ X k  

If ( ( )) ( ( )),new
P s Q QJ X k J X k<  the current solution 

is replaced by the new solution ( ).new
sX k  

Otherwise, the present solution is retained. 

Step 12 The best solution is Xbest(k) = Xh(k) such that: 

( ) ( )( ) ( ) , {1, 2, ..., }, 1, ...,h h s sJ X k J X k h n s n≤ ∈ =  

Step13 Increment the iteration index k = k + 1. If k < Kmax 
go to step 5. Otherwise, the best solution 
corresponding to the current sampling time is that 
of step 12. 

For the next sampling time the current population 
is taken as an initial population and the algorithm 
is started from step 1. 

5 Simulation results 
The MATLAB/Simulink environment is used to implement 
both the control algorithm and the quadrotor model that 
were previously presented. Table 2 compiles the quadrotor 
model’s parameters for use in the simulation (Zeghlache  
et al., 2012). 

The parameters values of the TLBO algorithm are listed 
in Table 3. 

The obtained gains of the six NLPID controllers are 
given in Table 4. 

 

 



6 N. Bouhabza and K. Kara  

Figure 2 Control structure of the quadrotor (see online version for colours) 
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Table 2 Parameters of the quadrotor model 

Parameter Value 

m 0.486 kg 
g 9.8 m/sec2 
Ix, Iy, Iz (3.8278, 3.8288, 7.6566) * 10–3 N.m/rad/s2 
Kfax, Kfay, Kfaz (5.5670, 5.5670, 6.3540) * 10–4 N.m/rad/s2 
Kftx, Kfty, Kftz (5.5670, 5.5670, 6.3540) * 10–4 N.m/rad/s2 
b 2.9842 * 10–5 N.m/rad/s 
d 2.2320 * 10–7 N.m/rad/s 
Jr 2.8385 * 10–5 N.m/rad/s2 
β0 189.63 

β1 6.0612 

β2 0.0122 
bm 280.19 

Table 3 Parameters values of the TLBO algorithm 

Parameter Value 

n 10 
m 36 
[l u] [0 100] 
Kmax 40 

Table 4 Gains values of the NLPID controllers using the 
TLBO algorithm 

 x y z φ θ ψ 

kp 21.7752 8.1953 80.1916 59.0700 29.4263 7.3223 
kd 20.4921 10.5998 11.0120 32.6616 9.7013 3.4884 
ki 0.6198 0.0042 2.5476 0.1384 52.7631 0.0009 
k0 0.9649 0.5526 0.5845 0.4314 0.6381 0.0077 
k1 0.0603 0.0272 0.3670 0.8430 0.2238 0.0271 
k2 0.0927 0.0115 0.5614 0.2218 0.3225 0.0076 

The effectiveness of the NLPID control strategy is 
compared with that of the optimised PID controller using 
TLBO (Bouhabza et al., 2021), and the SMC method 
presented in Zeghlache et al. (2012). 

5.1 Case of step reference trajectories 
In this section, a unit step as a desired trajectory is 
considered for the quadrotor’s horizontal positions, altitude, 
and zero for yaw angle. The simulation is run with a 
sampling time of Ts = 0.001 s and the following input 
limitations: 0 ≤ U1 ≤ 10, 0.01 ≤ U2 ≤ –0.01, 0.01 ≤ U3 ≤  
–0.01, 0.01 ≤ U4 ≤ –0.01. For (x, y, z, φ, θ, ψ), the starting 
conditions are (0, 0, 0, 0, 0, –0.5). Figures 3–8 display the 
outcomes employing the aforementioned control strategies. 
The NLPID control system achieves good control 
performance in terms of tracking accuracy and reaction 
speed with low overshoot, as illustrated in these figures. 

Figure 3 Horizontal position x of the quadrotor (see online 
version for colours) 

 

Figure 4 Horizontal position y of the quadrotor (see online 
version for colours) 
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Figure 5 Altitude z of the quadrotor (see online version  
for colours) 

 

Figure 6 Roll (φ) angle of the quadrotor (see online version  
for colours) 

 

Figure 7 Pitch (θ) angles of the quadrotor (see online version  
for colours) 

 

Figure 8 Yaw angle (ψ) of the quadrotor (see online version  
for colours) 

 

The control signal generated by the controllers to obtain the 
necessary reference is shown in Figure 9. 

The ITAE criterion values for the three controllers are 
shown in Table 5. It can be seen that the smallest values of 
the ITAE criterion are obtained in the case of the NLPID 
controllers. 

 

 

Figure 9 Control signals U1, U2, U3 and U4 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Table 5 Values of the ITAE criterion 

 
ITAE 

NLPID PID SMC 

x 4.116 47.452 211.709 
y 4.116 47.425 211.710 
z 2.964 35.203 16.938 
φ 1.074 6.098 8.292 
θ 1.310 9.845 8.315 
ψ 2.626 3.277 7.243 
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Table 6 Transient responses characteristics for (x, y, z, ψ) 

 
NLPID  PID  SMC 

tr(s) ts(s) MP(%) tr(s) ts(s) MP(%) tr(s) ts(s) MP(%) 

x 1.0913 3.7752 0.1572  3.1619 6.0849 19.4395  5.7878 12.6285 0.9055 
y 1.1011 1.9488 0.1572  3.1619 6.0849 1.4046  5.7828 12.6486 0.3899 
z 0.4940 0.8076 0.1314  0.8804 2.9368 0.7294  2.5096 4.4992 0 
ψ 0.9571 1.6076 0  0.8835 1.6542 0  2.2425 4.2985 0 

 
For the three considered controllers, the values of the 
different characteristics of the transient responses (rising 
time tr and settling time ts and overshoot peak MP) are 
gathered in Table 6. 

5.2 Measurement noise sensitivity and robustness 
against disturbances 

5.2.1 Measurement noise sensitivity 
The effectiveness of a suggested approach must be studied 
in relation to measurement noise. We use a unit step to get 
the desired trajectories for xd, yd, zd, and zero for ψd. To 
approximate sensor noise, the observed variables (x, y, z, φ, 
θ, ψ) are blended with white Gaussian noise (with zero 
mean and 10–5 variance). Figures 7, 8, and 9 exhibit the 
simulation findings. It is clear that the NLPID control 
strategy is less sensible than the PID control and the SMC. 

Figure 10 Tracking results with measurement noise for  
x-position of the quadrotor (see online version  
for colours) 

 

Figure 11 Tracking results with measurement noise for  
y-position of the quadrotor (see online version  
for colours) 

 

 

Figure 12 Tracking results with measurement noise for the 
altitude z of the quadrotor (see online version  
for colours) 

 

Figure 13 Tracking results with measurement noise for phi 
angle φ of the quadrotor (see online version  
for colours) 

 

Figure 14 Tracking results with measurement noise for theta 
angle θ of the quadrotor (see online version  
for colours) 

 

5.2.2 Robustness against disturbances 
It is supposed that (x, y) and (z) of the quadrotor are exposed 
to additive perturbations of amplitude 0.12 m during [40 s 
45 s] in order to evaluate the sensitivity of the 
recommended control method to external disturbances. 
Figures 16, 17, and 18 illustrate the obtained results, which 
demonstrate that the suggested control technique has a 
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minimal overshoot peak and can rapidly counteract the 
disturbance impact. 

Figure 15 Tracking results with measurement noise for yaw 
angle ψ of the quadrotor (see online version  
for colours) 

 

Figure 16 Tracking results with external disturbances for  
x-position of the quadrotor (see online version  
for colours) 

 

Figure 17 Tracking results with external disturbances for  
y-position of the quadrotor (see online version  
for colours) 

 

Figure 18 Tracking results with external disturbances for the 
altitude z of the quadrotor (see online version  
for colours) 

 

6 Conclusions 
In this paper, effective approaches have been developed to 
control the quadrotor system’s translational and rotational 
movements. The complete nonlinear model of the 
quadrotor, including the dynamics of the motors, has been 
used to develop and verify the controllers’ performance. 
The parameter values of the recommended control 
technique are determined using the TLBO algorithm and the 
ITAE criterion, and the control strategy combines a 
conventional linear PID controller with a nonlinear gain. In 
fact, the efficiency of this meta-heuristic optimisation 
method, that requires only the size of the population and the 
number of generations, has been proven in many 
engineering problems. The suggested control technique is 
relatively easy to implement and does not necessitate a lot 
of calculation time. The obtained results have demonstrated 
that the proposed control approach is capable to make the 
quadrotor system track the desired trajectories, stabilise the 
attitude angles and reject the disturbances. Obviously, the 
developed control algorithm can be used to control with 
success other nonlinear systems. In the near future work, 
we’ll examine how well an actual quadrotor system 
performs utilising the active disturbance rejection control 
paradigm to actively reject the wind disturbances. 
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