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Abstract. The integration of fuzzy logic techniques into PID controllers shows promising advantages 
in quadcopter control. By incorporating fuzzy logic, the PID controller achieves enhanced adaptability 
and robustness, resulting in more dynamic and resilient control performance. This is achieved 
through the automatic adjustment of PID parameters based on real-time system feedback, enabling 
a control strategy that closely resembles human reasoning. Overall, the combination of fuzzy logic 
and PID control offers significant potential for improving quadcopter control in various environmental 
conditions. 
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1. Introduction  

In recent years, the utilization of quadcopters has significantly increased in various applications, 

ranging from aerial photography and surveillance to parcel delivery and search and rescue missions. 

Efficient control of quadcopters is essential to ensure stable flight and accurate maneuvering in 

dynamic environments. Traditional Proportional-Integral-Derivative (PID) controllers have been 

widely employed for quadcopter control due to their simplicity and effectiveness in tracking desired 

trajectories. However, PID controllers have limitations in adapting to uncertainties and variations in 

environmental conditions, leading to suboptimal performance in complex scenarios. 

To address these challenges, researchers have turned to fuzzy logic techniques to enhance PID 

controllers' adaptability and robustness. Fuzzy logic offers a more intuitive approach to control by 

incorporating linguistic variables and IF-THEN rules, enabling controllers to mimic human-like 

reasoning. This integration allows for automatic adjustment of PID parameters based on real-time 

system feedback, improving control performance in varying conditions. 

Previous studies have demonstrated the effectiveness of fuzzy PID controllers in various control 

applications, including robotic systems, industrial processes, and unmanned aerial vehicles. However, 

there remains a need for further exploration and optimization of fuzzy PID controllers, particularly in 

the context of quadcopter control, where precise trajectory tracking and stability are crucial. 

In this paper, we propose a fuzzy PID controller tailored for quadcopter control, aiming to improve 

adaptability, robustness, and performance compared to traditional PID controllers. We integrate fuzzy 

logic techniques into the PID control framework to enable dynamic adjustment of control parameters 

based on environmental conditions and system feedback. Through simulation studies and 

experimental validation, we aim to demonstrate the effectiveness and potential superiority of the 

proposed fuzzy PID controller in quadcopter control applications. 

2. PID controller 

In cascade control systems, PID type controllers are frequently utilised to ensure accurate tracking 

and good performance [2]. The PID controller minimises this discrepancy by modifying the control 

variable in this process, which involves computing the difference between the setpoint and the 

intended setpoint [1][2]. Equation (1) defines the link between the PID controller output and the 

system error, whereas Equation (2) shows the discrepancy between the desired and actual outputs 

[19][21][22][25]. 
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u(t) = Kpe(t) + Ki ∫  
t

0
e(t)dt + Kd

de(t)

dt
                 (1) 

e(t) = desired⁡(t) − generated⁡(t)                   (2) 

Where are the integral gain, derivative gain, and proportional gain? While increasing can lower 

the steady-state error, too high of a value could cause unstable oscillations. While increasing can 

lessen overshoot and the settling time of the feedback system output signal, increasing can also 

remove steady-state error in feedback systems [3][4]. The PID controller's block diagram is displayed 

in Figure 1. 

 

Fig.1. Simulink blocks of PID controller 

3. PID adjustment method 

PID controllers are unable to adapt and react to changes because they do not comprehend the 

process plant. As a result, for performance to be adequate, tuning must be done correctly. The Ziegler-

Nichols approach, which is separated into step response and frequency response rules, is one of the 

most widely utilised techniques. In both rules, the proportional gain is increased to a point where the 

system oscillates while the integral and derivative gains are initially set to zero [5][6]. 

But this technique cannot be used to tune systems that do not exhibit prolonged oscillation. In this 

work, the Ziegler-Nichols method was not able to produce persistent oscillation, hence the developed 

model uses a manual tuning strategy to modify the PID parameters. The transient response of the 

system is impacted by increasing each PID gain; Table 1 summarises these effects. Table 2 displays 

the PID parameters that were determined using the specified rules. 

The following guidelines apply when manually adjusting PID parameters [7][8]:  

1. Make and equal zero.  

2. Intensify until oscillations happen entirely or nearly entirely. Setting a long simulation time is 

advised if full oscillation cannot be attained.  

3. Increase only a little bit to bring the oscillation time down to one cycle. It is possible to employ 

simulations that have shorter stop times.  

4. Increase until there is just one oscillation around the setpoint and steady-state is almost at the 

setpoint.  

5. Keep following these guidelines until the intended result is obtained. 

Table 1. The effect of increasing the PID gains value 

Parameters Kp Ki Kd 

Overshoot(%) Increase Increase Decrease 

Rise time(s) Decrease Decrease Minor change 

Settling time(s) Minor change Increase Decrease 

Steady-state error Decrease Eliminate No effect(Theoretically) 

Stability Degrade Degrade Improved(Small Kd) 

 

Table 2. The gains of PID parameters for PID controller 

Variable Kp Ki Kd 

Position (x,y), Altitude (z) 0.50 0.10 1.00 

Attitude (ϕ, θ, ψ) 1.00 0.01 0.10 
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4. Fuzzy Controller 

Manually tuning methods are beneficial for PID controllers because they offer intuitive settings 

and minimal process knowledge requirements. Nevertheless, obtaining suitable gains through manual 

tuning can be time-consuming, and it's challenging to determine if the final settings are optimal. 

Additionally, there's no guarantee that the system will reach a stable solution, posing a risk to the 

entire factory. Due to PID controllers' limited understanding of process plants, they cannot 

automatically adjust when the system undergoes changes. Therefore, heuristic methods, particularly 

fuzzy logic techniques, are integrated into PID controllers to ensure desired outputs are achieved and 

parameters are automatically adjusted when system changes occur. 

Fuzzy logic presents a potent approach that operates without the need for exact mathematical 

models [10]. Drawing from human insights into the system during both control design and decision-

making phases, fuzzy control relies on fuzzy set theory, linguistic variables, and fuzzy inference 

[11][12]. Fuzzy control systems typically encompass fuzzification, a fuzzy rule base, fuzzy inference, 

and defuzzification. Figure 2 provides a visual representation of the typical components of a fuzzy 

inference system [13]. 

 

Fig. 2. Fuzzy inference system 

For controlling the position, altitude, and attitude of quadcopters, the inputs consist of errors, 

representing the deviation between the desired trajectory and the actual trajectory, as well as the rate 

of change of errors. As depicted in Figure 2, these inputs, presented as crisp values, are inputted into 

the fuzzy inference system and converted into linguistic variables through the process of fuzzification. 

During fuzzification, predefined knowledge is utilized to establish the ranges of input variables, 

facilitating the mapping of these variables to discrete intervals. 

Fuzzy logic controllers necessitate a rule base and fuzzy set outputs to adjust PID parameters. In 

this study, the chosen rule base type is the Mamdani-type, which constitutes a multi-input multi-

output (MIMO) system, accepting 2 inputs and generating 3 outputs: Kpf, Kif, and ⁡Kdf. For position 

and altitude control, the fuzzy set inputs are designated as e(t) ∈ [−10,10] and de(t) ∈ [−15,15], 
whereas for attitude control, they are denoted as e(t) ∈ [−0.5,0.5] and de(t) ∈ [−50,50]. These 

regions are illustrated in Figure 3 (position and altitude) and Figure 4 (attitude). 



Highlights in Science, Engineering and Technology MCEE 2024 

Volume 97 (2024)  

 

4 

 

Fig.3. The inputs membership functions of position and altitude 

Fig.4. The imputs membership functions of attitude 

Concurrently, the fuzzy set outputs are determined according to Kp ∈ [Kpmin, Kpmax]Ki ∈ 

[Kimin , Kimax ] and Kd ∈ [Kdmin, Kdmax]. For position and altitude, the fuzzy set outputs are 

specified as ⁡Kp ∈ [0.5,5.0], Ki ∈ [0.1,1.0] and Kd ∈ [1.0,10], as depicted in Figure 5. In contrast, 

for attitude, they are represented as Kp ∈ [1.0,10], Ki ∈ [0.01,0.10]  and Kd ∈ [0.1,1.0], as 

demonstrated in Figure 6. These fuzzy sets are calibrated within the interval [0, 1], with triangular 

membership functions defining the degree of membership. 
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Fig.5. The output membership functions of position and altitude 

 

Fig.6. The output membership functions of attitude 

The Mamdani-type fuzzy controller employs IF-THEN rules to construct linguistic representations 

of fuzzy logic, which are known as membership functions. Utilizing seven linguistic variables, 49 

membership function rules are generated for each output. The membership function rules for the 

quadcopter are outlined in Table 3 and Table 4 [14]. 
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The final step of the fuzzy controller involves defuzzification, where the outputs obtained from 

fuzzy inference are presented in linguistic form. To be inputted into the PID controller, these outputs 

need to be converted into precise numbers. For Mamdani-type fuzzy controllers, the centroid method 

is the most commonly used defuzzification technique, with the specific calculation defined in 

Equation (3). 

 Output =
∑  
q
i=1  μj(wi)⋅wi

∑  
q
i=1

 μj(wi)
                         (3) 

Table 3. Fuzzy rules for Kp and Ki 

Error changes, Error, e 

&e NB NM NS Z PS PM PB 

NB M S VS VVS VS S M 

NM B M S VS S M B 

NS VB B M S M B VB 

Z VVB VB B M B VB VVB 

PS VB B M S M B VB 

PM B M S VS S M B 

PB M S VS VVS VS S M 

 

Table 4. Fuzzy rules for Kd 

Error changes, Error, e 

&e NB NM NS Z PS PM PB 

NB M B VB VVB VB B M 

NM S M B VB B M S 

NS VS S M B M S VS 

Z VVS VS S M S VS VVS 

PS VS S M B M B VS 

PM S M B VB B M S 

PB M B VB VVB VB B M 

5. Fuzzy PID Controller 

The outputs produced by the fuzzy logic controller, Kpf, Kif and Kdf, are integrated into the PID 

controller to constitute a fuzzy PID controller. The general block diagram of the fuzzy PID controller 

is depicted in Figure 7, while Equation (4) provides the definition of the fuzzy PID controller 

[9][14][15][16]. 

 

Fig.7. The block diagram of Fuzzy PID controller 

u(t)FPID = ((Kp + Kpf)e(t) + (Ki + Kif) ∫  
t

0
 e(t)dt + (Kd + Kdf)

de(t)

dt
)             (4) 

The minimum and maximum ranges of PID controller gains are determined via trial-and-error 

simulations employing the PID controller. These values are subsequently applied in Equations (5), 

(6), and (7) to simulate the fuzzy PID controller, as illustrated in Figure 8 [9][15][17]. 



Highlights in Science, Engineering and Technology MCEE 2024 

Volume 97 (2024)  

 

7 

𝐾𝑝𝑓 =
𝐾𝑝−𝐾𝑝min 

𝐾𝑝max 
−𝐾𝑝min 

                            (5) 

𝐾𝑖𝑓 =
𝐾𝑖−𝐾𝑖min

𝐾𝑖max−𝐾𝑖min 

                             (6) 

𝐾𝑑𝑓 =
𝐾𝑑−𝐾𝑑min

𝐾𝑑max−𝐾𝑑min

                            (7) 

 

Fig.8. The Simulink blocks of self-tuning Fuzzy PID controller 

1. Results and Discussion 

Simulations employing the suggested controllers were performed on various trajectories within 

MATLAB Simulink, with a simulation time step of 0.01 seconds. Each trajectory underwent 

simulation utilizing both PID controllers and the proposed fuzzy PID controllers. Results were 

acquired through comparative analysis utilizing the Integral of Absolute Error (IAE) equation (8) and 

the Integral of Squared Error (ISE) equation (9) [10][18]. Additionally, the Root Mean Square Error 

(RMSE) of position was computed using equation (10) [40][41]. 

IAEposition = ∫  
t

0
(|ex| + |ey| + |ez|)dt                   (8) 

ISEposition = ∫  
t

0
(ex

2 + ey
2 + ez

2)dt                     (9) 

RMSEposition = √
1

ni
∑  
ni
i=1   ((ex

i )2 + (eyi )
2
+ (ezi )2)             (10) 

In trajectory tracking scenarios, the anticipated roll and pitch are no longer specified since they are 

outcomes of the position control. Consequently, the focus shifts to defining the expected position, 

namely x and y. The definition for the expected altitude z remains consistent with altitude and 

attitude tracking, where the initial value is 0 and the expected value is 1. The expected yaw ψ is 

adjusted from 0.5 to 0. These predefined inputs serve as input values for circular, square, lemniscate, 

and zigzag trajectories. The simulation stop time for each trajectory is standardized at 180 seconds. 

5.1. Circular Trajectory   

The predefined desired positions for the circular trajectory are xd = 10sin⁡ (
π

10
t)and yd =

10cos⁡ (
π

10
t) . These predetermined desired outputs are employed for both PID and fuzzy PID 

controllers. Figure 17 demonstrates the circular trajectory tracking outputs of the quadcopter utilizing 

PID controllers and fuzzy PID controllers. 
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Fig.9. The outputs of circular tracking 

Based on Figure 9, both controllers effectively tracked the desired trajectory, demonstrating 

notable enhancements in altitude tracking. Tracking information for both controllers is provided in 

Table 5. From the data presented, it is evident that the performance of both controllers is largely 

comparable. Nevertheless, the Fuzzy-PID controller exhibits improvements in altitude tracking, with 

a reduction in rise time by 31.18%. Significant enhancements are also observed in the y-position, 

with a decrease in rise time by 21.10% compared to the PID controller. Moreover, the overshoot 

percentage for the y-position decreased by 34.32%. Conversely, there is a marginal improvement in 

the rise time for the x-position, with a reduction of 0.21%. 

Evaluation of both controllers' performance is conducted through tracking error analysis. The 

tracking error values for circular tracking are presented in Table 6. While improvements are primarily 

observed in the y-position and altitude, the employment of the Fuzzy PID controller leads to a 

significant decrease in IAE, ISE, and RMSE values. 

Table 5. The step info of circular tracking 

Controller Variable Rise time Setting Time Overshoot 

PID 

x 6.6517 179.5460 33.0210 

y 3.4664 179.5649 78.3456 

z 6.1436 22.2837 3.0739 

FPID 

x 6.6676 179.4681 33.1420 

y 2.8216 179.5860 51.4574 

z 4.2693 18.2178 3.8334 

 

Table 6. The tracking errors of circular trajectory 

Error Calculation PID FPID Reduction(%) 

LAE 119.3 72.27 39.62 

ISE 584.2 319.6 45.33 

RMSE 1.801 1.395 22.44 

5.2. Square Trajectory 

The position inputs necessary for tracking the square trajectory are defined as xd =
[10,10,−10,−10,10]  and yd = [10,−10, −10,10,10, where  xd = [10,10,−10, −10,10] 
represents the x-position and yd = [10, −10,−10,10,10] represents the y-position. Figure 18 

depicts the outputs of both the PID controller and the fuzzy PID controller. 
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Fig.10. The outputs for square tracking 

Both controllers effectively followed the desired trajectory. As depicted in Figure 8, apart from 

the elevated overshoot produced by the Fuzzy PID controller, no notable distinctions were apparent. 

A comparison between the outcomes from Figure 12 and the data provided in Table 7 confirms that 

the Fuzzy PID controller yields a higher overshoot percentage, showing an increase of 29.17% 

compared to the PID controller. 

Table 7. The step info of circular tracking 

Controller Variable Rise time Setting Time Overshoot 

PID 

x 12.0035 179.1964 1.7157 

y 10.8445 149.3956 1.9265 

z 6.15463 21.9731 2.9796 

FPID 

x 12.0173 179.2754 1.8702 

y 10.8972 149.3915 1.2713 

z 4.2658 18.2293 3.8494 

 

The tracking error values for square trajectory tracking outlined in Table 8 suggest that 

incorporating Fuzzy techniques into the PID controller can enhance the system's performance, as all 

errors derived from the Fuzzy PID are inferior to those of the PID controller. 

Table 8. The tracking errors of circular trajectory 

Error Calculation PID FPID Reduction(%) 

LAE 189.3 141 25.22 

ISE 1074 675.2 36.93 

RMSE 2.445 1.934 20.54 

5.3. Lemniscate Trajectory 

The position inputs required for lemniscate trajectory tracking are specified as xd = 10sin⁡ (
π

10
t) 

and yd = 10cos⁡ (
π

20
t). The computational outcomes of both the PID controller and the fuzzy PID 

controller are illustrated in Figure 11. 

Figure 11 displays nearly identical tracking of position x and y by both controllers, while 

discrepancies are evident in altitude tracking outputs. In comparison to the PID controller, the fuzzy 

PID controller showcases a larger altitude overshoot trajectory. This observation aligns with the data 

presented in Table 9, where the overshoot value produced by the fuzzy PID controller is 26.05% 

higher than that of the PID controller. Nonetheless, the rise time and settling time for altitude are 

reduced by 30% and 17.62%, respectively. Furthermore, there are slight enhancements in position x 

and y, with the rise time for position x decreased by 0.22% and for position y by 0.91%. The tracking 

output of the fuzzy PID outperforms that of the PID controller, a conclusion supported by the data in 

Table 10, where errors are diminished when employing the fuzzy PID controller in the simulation. 
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Fig.11. The outputs of lemniscate tracking 

Table 9. The step info of circular tracking 

Controller Variable Rise time Setting Time Overshoot 

PID 

x 6.68192 179.4444 33.0231 

y 17.4841 177.8955 9.76118 

z 6.16093 22.14436 3.06172 

FPID 

x 6.66753 179.4476 33.1402 

y 17.3254 178.0984 9.75358 

z 4.26895 18.24343 3.85924 

 

Table 10. The tracking errors of circular trajectory 

Error Calculation PID FPID Reduction(%) 

LAE 123.3 80.67 34.95 

ISE 642.5 378.3 41.13 

RMSE 1.891 1.452 23.22 

5.4. Zigzag Trajectory  

The desired position input for the zigzag trajectory is specified as xd = 

[4,4,10,10,4,4, −2,−2,−8,−8,−2,−2,4] and yd = [4,12,8,0,4, −4,0, −8,−4,4,0,8,4], where 

xd =  [4,4,10,10,4,4, −2,−2,−8,−8,−2,−2,4] is a function of time. Figure 12 illustrates the 

outputs of both controllers. 

 

Fig.12. The outpurs of zigzag tracking 

Based on Figure 12, both controllers effectively tracked the desired trajectory. There were no 

substantial disparities observed in the tracking of x and y positions. However, notable differences 

were evident in altitude tracking between the controllers, with the Fuzzy PID controller exhibiting a 

larger overshoot compared to the PID controller. This observation is corroborated by the data in Table 
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11, where employing the Fuzzy PID controller led to a 26% increase in the overshoot percentage for 

altitude. Nevertheless, the rise time and settling time increased by 31.24% and 15.36%, respectively. 

Table 11 indicates variations in the rise time and overshoot percentage for x and y positions. 

The rise time for x position decreased by 0.51%, while the overshoot for y position decreased by 

4.71%. A significant discrepancy in the rise time for x position between the controllers was noted, 

with a decrease of 88.54% recorded when using the Fuzzy PID controller. The tracking error values 

obtained from the Fuzzy PID controller were lower than those from the PID controller, as outlined in 

Table 12. 

Table 11. The step info of circular tracking 

Controller Variable Rise time Setting Time Overshoot 

PID 

x 2.6803 179.5939 304.4755 

y 0.1167 179.1856 1.8462e+04 

z 6.2077 21.5778 3.0283 

FPID 

x 2.6672 179.5886 307.6504 

y 0.0135 179.3122 1.7592e+04 

z 4.2686 18.2627 3.8186 

 

Table 12. The tracking errors of circular trajectory 

Error Calculation PID FPID Reduction(%) 

LAE 127.6 91.23 28.55 

ISE 290.4 138.7 52.23 

RMSE 1.271 0.878 30.77 

 

5.5. Spiral Trajectory  

For spiral trajectory tracking, the desired positions are defined as xd = 10sin⁡ (
π

10
t) and yd = 

10cos⁡ (
π

10
t), akin to circular trajectory tracking, where z requires an increasing value. Thus, a ramp 

with a slope of 0.5 is designated as the desired value for z. The spiral tracking output is depicted in 

Figure 13. 

 

Fig. 13. The outputs of spiral trajectory tracking 

With a reduced overshoot. The numerical data of overshoot percentages documented in Table 13 

reveal that the Fuzzy PID controller exhibits an overshoot 0.35% higher than that of the PID controller 

in position and 30.54% lower in velocity. There are no notable distinctions between the controllers in 

other metrics. Nevertheless, the tracking error values outlined in Table 14 indicate that the Fuzzy PID 

controller yields superior tracking outcomes, evidenced by smaller error values. 
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Table 13. The step info of circular tracking 

Controller Variable Rise time Setting Time Overshoot 

PID 

x 6.6794 179.4487 33.0255 

y 3.4213 179.5656 74.0704 

z 144.0482 176.4007 0 

FPID 

x 6.6667 179.4476 33.1442 

y 3.0753 179.5655 51.4517 

z 143.9653 176.4003 0 

 

Table 14. The tracking errors of circular trajectory 

Error Calculation PID FPID Difference(%) 

LAE 98.76 72.25 26.65 

ISE 439.2 319.3 27.33 

RMSE 1.563 1.334 14.67 

6. Conclusion 

Our creation of the fuzzy PID controller has the potential for improved effectiveness compared to 

traditional PID controllers. By integrating fuzzy logic techniques, our controller can adapt more 

dynamically to changes in the environment and system dynamics. The linguistic variables and IF-

THEN rules in the fuzzy logic system allow for a more intuitive and human-like control strategy, 

enabling smoother and more precise control actions. Additionally, the automatic adjustment of PID 

parameters based on fuzzy logic reasoning enhances the controller's robustness and adaptability, 

leading to better performance, especially in complex and uncertain systems like quadcopter control. 

Overall, the fuzzy PID controller has the potential to outperform traditional PID controllers by 

offering enhanced adaptability, robustness, and performance. 
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