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1. INTRODUCTION

Many aerial vehicles used conventional methods such as Propotional Integral Derivative (PID),
Linear Quadratic Regulator (LQR) or other controller to control travel axis, pitch axis and elevation axis.
In the past, conventional controller was very efficient and reliable as a controller for aerial vehicles however
mathematical formulation and computation have been increased due to more advanced aerial vehicles. As a
result, the controller takes a longer time to process. Quanser bench-top helicopter has been using LQR for
some time, however it may not very efficient today because of the increase in users’ demand and expectation
due to rapid development of technology. From the previous research in [1], LQR-PID based controller has
lower accuracy and rapidity when implemented on bench-top helicopter. In [2], multiple-surface sliding
controller (MSSC) has been proposed to solve the accuracy and rapidity problem. Although MSSC was
proven to perform better than PID controller, to obtain the desired equation and gain have involved complex
mathematical calculation. Integration of PID and fuzzy controller has been proposed in [3, 4].

Fuzzy Logic Controller, a type of intelligent controller was introduced in 1960s, based on human
reasoning. Fuzzy Logic Contoller has been used by many industrial applications and research. Some of the
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proposed applications are water quality index, temperature control, robot arm and control of grain dryer
plant, to name a few [5-8]. In transportation, Fuzzy Logic Controller is worth to explore.

Fuzzy Logic Controller operates based on human reasoning and variables with uncertainty.
Fuzzy Logic uses membership function from the inputs and pre-defined rules table to calculate the output [9].
Fuzzy logic can calculate the operation with more than one input [8-12]. There are several types of inference
methods that were introduced to develop Fuzzy Logic Controller. The most common methods that were used
are Sugeno and Mamdani based inference method [13]. Mamdani-based Fuzzy Logic Controller is also
known for restraining expert knowledge. It also allowed the operation to be more sensitive, similar to human
characteristics. Nevertheless, Mamdani based Fuzzy Logic Controller is not suitable to be used for interfaces
based on computational method. Sugeno based Fuzzy Logic Controller operates with computational
mathematical equation and it is suitable for adaptive technique and optimization that appropriate for control
problems, mostly for dynamic non-linear systems [14].

Fuzzification and De-fuzzification are two main operations in Fuzzy Logic Controller. Fuzzification
is the operation that can translate mathematical input value into the membership function of Fuzzy Logic [8],
[15]. On the other hand, De-fuzzification is the operation that converts the output from Fuzzy Logic
membership function into the value that can be used by the controller [16, 17]. The application of Fuzzy
Logic Controller for aerial vehicle is not well investigated. Therefore, this research proposed a control of
bench-top helicopter, particularly the travel angle using Mamdani-based Fuzzy Logic Controller.

2. RESEARCH METHODOLOGY
2.1. Bench-top Helicopter Platform

Bench-top helicopter is a laboratory scale helicopter usually used for experimental purposes [18].
The bench-top helicopter has fundamentally same dynamic behavior as a real helicopter with high
uncertainty. The uncertainty that may happened is in form of different restriction and can be exaggerated by
disturbances; for example strong wing and hardware tear and wear. Achieving high performance control over
3-DOF helicopter is a difficult due to some challenges. Bench-top helicopter is an under actuated system,
which means number of control inputs are less than number of outputs to be controlled; in this case it has two
control inputs and three outputs [19]. In this project, one output which is travel angle is considered. There are
also challenges in terms of correlation between pitch and travel, and also parameter variations that contribute
to uncertainty of the helicopter model. The parameter variations include flight altitude, fuel consumption,
airspeed and amount of load [20].

Figure 1 shows three Degree of Freedom (3DOF) helicopter used in this research. The bench-top
helicopter consists of two DC motor that is mounted at the end of the frame and two drive propellers [21].
The helicopter also can move in three direction of angles which are elevation, pitch and travel angles.
The 3DOF two motor is set up in parallel and it pushes trajectory was normal to the frame. The helicopter
frame is mounted to the joint at the center and it is free to pitch at the center. The other end of the helicopter
is mounted with the weight that acts as a counterweight to make the helicopter get the effective weight to be
lifted by using the trust of the two motors. Figure 2 shows bench-top helicopter at starting position.

Figure 1. Bench-Top helicopter platform [21] Figure 2. Bench-Top helicopter at starting position [21]

The change of angle for bench-top helicopter is controlled by the controller where the existing
controller is LQR-I. The controller processes the angle set by the user, then convert into electrical energy that
power up DC rotor which is also the propeller of the helicopter. The total force, F that causes the helicopter
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to change the angle (measured by encoder) is due to helicopter’s acrodynamics. The propeller lifts the
helicopter’s body by the arm that is mounted with a counterweight. The angles of benchtop helicopter is
measured by the absolute encoder and controlled by controller.

This research focused on travel angle control only. The type of controller proposed in this research
is Mamdani-based Fuzzy Logic Controller. The performance evaluation of the bench-top helicopter was done
using Simulink, Quarc and Fuzzy logic toolbox in MATLAB. Comparison of results was performed between
the proposed controller and existing controller (LQR-I). Partial results with brief explanation of experimental
work were referred in [18].

2.2. Fuzzy Logic Controller Design

The first step in Fuzzy Logic Controller design is to define Fuzzy rules. In this research, two inpus
and one output Fuzzy Logic Controller has been designed. The inputs are Error and Change of Error whereas
the output is Response. Error indicates the difference between desired angle and the actual angle measured by
absolute encoder. Each input and output has their own membership function. The membership function is the
range of subnet used to define fuzzy rules [23, 24]. In this research, both inputs consist of three membership
functions named {NEG, Z, POS} and the output consist of five memberships function named {VS, S, M, F,
VF}. The Fuzzy rules were set after all membership functions were defined, based on the dynamic behaviour
of the bench-top helicopter.

In this research, nine fuzzy rules have been developed, as shown in Table 1. The fuzzy rules are set
using Matlab Fuzzy Logic Toolbox as shown in Figure 3. “and” method is used to compare the two inputs in
fuzzification operation whereas “centroid” method is used to obtain the results in de-fuzzification [25].

Table 1. Fuzzy Rule Table
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Figure 3. Fuzzy logic designer in matlab

2.3. Fuzzy Logic Controller for a Closed-Loop System

The proposed Fuzzy Logic Controller has been tested against bench-marked LQR-I controller on
Quanser 3DOF helicopter via closed-loop system simulation. The overall block diagram of the simulation is
shown in Figure 4.

Fuzzy Logic Controller has been used to control the back motor of the 3-DOF helicopter as shown
in Figure 5. The fuzzy logic travel controller block subsystem is shown in Figure 6. For real hardware test,
Quarc toolbox has been used where g4 data acquisition card was connected to the Quanser 3-DOF bench-top
helicopter, referring to User Manual [17].
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Quanser 3-DOF Helicopter:
Closed-loop System Simulation
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Figure 4. A closed-loop system simulation for travel angle control
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Figure 5. Position controller of bench-top helicopter
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Figure 6. Fuzzy logic controller with anti-windup

3. RESULTS AND ANALYSIS
Simulation work and hardware tests have been conducted. Performance of the proposed fuzzy logic
controller is presented and analysed in this section.

3.1. Membership Function Evaluation

Tuning the membership function is one of the most important part in designing Fuzzy Logic
Controller. Fuzzy Logic Controller tracking capability will be more efficient if the membership function is
properly tuned. The tuning of membership function can be done in the form of shape, range and position.
In this research, triangular and trapezoidal shape have been chosen. In the process of tuning the membership
function, the range and position of the membership function were adjusted. The three ranges of error, change
of error and output are (-0.2 to 0.2), (-0.34 to 0.3) and (-1.65 to 1.65) respectively. Figure 7-9 show the
membership functions proposed in this research.

Membership function plots ¥ %n=: 181 Membership function plots 2t 2Nt 181
NEG Z POS NEG Fd POF
! d
0.2 015 01 0.05 - 0.05 04 0.15 0.2 0.2 0.1 0 0.1 0.2
Figure 7. Error membership function Figure 8. Change of error membership function
Membership function plots ®°t 2ot 181
] s N F VF

Figure 9. Output membership function

3.2. Software Simulation

During the initial test, tracking test was conducted on bench-top helicopter using Mamdani-based
fuzzy logic controller. Step input (desired travel angle) was applied to the system as shown in Figure 4.
Small step input of angles 6°, 7° and 8° were set. From the step input, error and change of error were
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calculated. Based on the ranges of both inputs, the membership functions were set and fuzzification process
took place. Then the controller manipulated the output based on the 9 rules that has been set (refer to Table
1). Then, de-fuzzification process took place. The output from Fuzzy Logic membership function was
converted into the value that can be used by the controller as the controller output. The controller output was
fed into the 3-DOF helicopter model to control the plant (helicopter). The results of small step input tests are
shown in Figure 10.
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Figure 10. Fuzzy logic controller response of step input at (a) 6°, (b) 7°and (c) 8°

From the results shown in Figure 10, Fuzzy Logic Controller works very well for tracking small
angles. In these 3 different step input tests, there are no percentage of overshoot and almost zero steady state
error. The controller adjusted very fast where the settling time for all tests are about 2s.

The performance fuzzy logic controller was further verified by comparing its performance with PID
controller. At desired set point of 7°, the performance comparison was conducted and results is shown in
Figure 11. Figure 11 shows that Fuzzy Logic Controller performance was better than PID controller where
the settling time of fuzzy logic is faster than PID (3.18s versus 10s) and percentage overshoot is smaller
(0.64% versus 5%). However, both controllers have zero steady state error.
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Figure 11. Comparison between PID and fuzzy logic controller at 7°

Next, the closed loop system was tested for higher range of angle i.e. 20°, 30° and 40. The Fuzzy
Logic Controller performance was compared with the LQR-I for analysis purposes. The result of the
simulations for angle 20°, 30° and 40° are shown in Figure 12(a), (b), and (c), respectively.
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Figure 12. Comparision between mamdani based fuzzy logic controller and Igr-i
at 20°, 30° and 40° travel angles
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For the travel angle of 20°, Fuzzy Logic Controller produced the output that is close to the desired
output with a small percentage overshoot. Figure 12 (a) shows that LQR-I controller produced output that has
high steady state error. Fuzzy logic Controller performed better than LQR-I controller in term of percentage
overshoot, steady state error and settling time for angle 20°. For the travel angle of 30°, percentage
overshoot, settling time and steady state for Fuzzy Logic Controller are lower than LQR-I. Figure 12 (b)
shows that Fuzzy logic has small overshoot and undershoot before constant at the same level as desired
output. For the travel angle of 40° as shown in Figure 12 (c), percentage overshoot for Fuzzy Logic
Controller is lower than LQR-I. Fuzzy Logic Controller has shorter settling time and almost zero steady state
error. The overall results are summarised in Table 2.

Table 2. Summary of Performance Comparison between Fuzzy Logic and LQR-I Controller

Desired Angle LQR-I Fuzzy Logic

Percentage Overshoot (%) 8.263 2.775

20° Settling Time (s) 6.1 2.27
Steady State Error 1.65 0.05

Percentage Overshoot (%) 7.002 4912

30° Settling Time (s) 5.104 2.638
Steady State Error 2.53 0.12

Percentage Overshoot (%) 5.707 4.886

40° Settling Time (s) 4.170 2.839
Steady State Error 3.46 0.3

Based on simulation results shown in Table 2, steady state error, percentage overshoot and settling
time of Fuzzy Logic Controller are lower than LQR-I controller. Therefore, it can be concluded that Fuzzy
Logic Controller gives better response than LQR-I controller in controlling travel angle of benchtop
helicopter in simulation mode.

3.3. Actual Hardware Testing

The performance of Fuzzy Logic Controller via simulation was satisfied. Next, the system was
tested on the actual hardware. The system used for the hardware test was closed-loop system that was
developed by Quanser Inc. 3DOF bench-top helicopter was used, located at Spacecraft Guidance, Navigation
and Control Laboratory, E5, Kulliyyah of Engineering, IITUM. Figure 13 shows the interface between
software (Matlab-Simulink) to the actual bench-top helicopter hardware.

Quanser 3 DOF Helicopter:
Closed-loop Actual System

- %_d {rad) > _/

- Des Position
Desired Angle Rate Limiter
from Program1

»|X_d (rad) Vm (V) X_des
u(v 22
| X_meas
3-DOF HELI 3-DOF Helicopter Scopes

Vop+Fuzzy Logic Travel Control

Figure 13. Quanser 3 DOF Helicopter: closed-loop actual system

Travel angle of 30° was used to test the performance of Fuzzy Logic Controller on the hardware.
The result for the hardware test for 30° travel angle is shown in Figure 14. At every 5 seconds, the graph
restart due to limitation of the memory. Based on the results, Fuzzy Logic Controller successfully tracked the
desired output with zero steady state error, 4 seconds of settling time and zero percentage of overshoot.
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Figure 14. Actual hardware test of the proposed fuzzy logic controller at 30°

4. CONCLUSIONS

As a conclusion, the objective of this research has been achieved. Mamdani-based Fuzzy Logic
Controller for travel angle control of bench-top helicopter has been developed and tested. Matlab Simulation
and real hardware tests have been performed. Performance comparison between Mamdani-based Fuzzy
Logic Controller and existing LQR-I controller has been made. Based on the results obtained from the
simulation test for travel angle 20°, 30° and 40°, Fuzzy Logic Controller has shown better response than
LQR-I Controller where Fuzzy Logic Controller has lower percentage overshoot, settling time and steady
state error. In the 30° step input test on actual hardware, the Mamdani-based Fuzzy Logic Controller is
capable to track the desired angle effectively with no percentage of overshoot and no steady state error.
Fuzzy Logic Controller is also proven to work very well under small variation of angle (6°, 7° and 8° step
input).
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