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External disturbances, saturation of actuator motors, and limits of certain
angular movements are commonly encountered in robotic systems,
particularly those involving flight, and they present the most common and
influential factors affecting the stability and performance of these systems. In
this paper, a hybrid controller for a three-degree-of-freedom (3-DoF)
helicopter is designed and applied to this flying robot system, taking into
account the previously mentioned constraints. The proposed hybrid controller
integrates proportional-derivative (PD) control with an adjusted linear
quadratic regulator (ALQR) using the flower pollination algorithm (FPA)
optimization method. Simulation results of travel (L), elevation (g), and pitch
(p) responses, as well as experimental results of elevation and travel tracking
responses under external disturbances using the bench-top Quanser’s (3-DoF)
helicopter, demonstrate the robustness and good performance of the
controlled system using the proposed method. The effectiveness of the
proposed method is compared to several methods in the literature.
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1. INTRODUCTION

The control of unmanned aerial vehicle (UAV), including the 6-degree-of-freedom (DoF) hexa-
rotor, 6-DoF quadrotor, or 3-DoF helicopter, is developing by the increase of their uses in different fields,
nevertheless the uncertainty of this flying robot and external disturbances such as the disturbance produced
by the wind or by an instantaneous shock with another body as well as the constraint of the value limits of
some DoF impose some difficulties on the system mathematical model, which requires an efficient and
robust controller which must be tested taking these constraints into consideration.

Quite a few control methods are proposed to ensure 3-DoF helicopter control using linear, non-
linear, and artificial intelligence techniques and algorithms. A feedback-linearization is applied to the 3-DoF
helicopter to control the trajectory tracking with a real-time implementation under disturbance [1]. Boby et
al. [2] proposed an adaptive controller for nonlinear systems, applying it to the 3-DoF helicopter system
whose adaptation is based on quantitative feedback theory (QFT). An adaptive controller is also proposed in
[3], considering an external disturbance and motor fault. By combining type 2 fuzzy logic and adaptive
control, a hybrid controller is developed to make the trajectory tracking of the 3-DoF helicopter system [4].

Non-linear controllers are used in literature to control the studied system in this paper, such as the
backstepping controller implemented in [5] with a disturbance observer and uncertainty, and the continuous
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differentiator controller presented in [6] based on sliding mode control and experimentally validated on the 3-
DoF helicopter under external disturbances. Proportional-integral-derivative (PID) controller is designed and
self-tuned to ensure the control of a 3-DoF helicopter whose results are experimentally validated on the
bench-top of Quanser [7]. The hybrid controller featured in [8] combines a linear quadratic regulator (LQR)
optimized using a genetic algorithm and PID controller to stabilize the 3-DoF helicopter after modeling the
state space model of the system.

In [9], a model reference adaptive controller is developed for elevation angle control of the 3-DoF
helicopter based on a neural network using the Lyapunov function to update the control law. Motion control
based on backstepping and fuzzy logic with an active disturbance rejection controller (ADRC) is developed
for the control of a 3-DoF helicopter [10]. Logic fuzzy controller is optimized in [11] using a modified
particle swarm optimization (PSO) to apply simulation control on the 3-DoF helicopter model. Other works
also use the backstepping controller to control the 3-DoF helicopter. Gao and Fang [12] propose an adaptive
integral backstepping algorithm to improve the robustness of the controlled system by estimating online
uncertainty, and Yu et al. [13] present a signal compensation technique and a decentralized backstepping
control with experimental validation of obtained results.

Without using angular velocity feedback, Liu et al. [14] propose a robust optimal control to make a
tracking control of 3-DoF helicopter elevation and pitch angles with an output compensator to minimize the
uncertainty of the system. In [15], a robust position control is proposed and applied to the previous system
under time varying wind disturbances with an experimental validation on Quanser’s helicopter bench-top. To
achieve trajectory tracking, a robust controller based on the feedback linearization technique (FLT) is
implemented on a 3-DoF helicopter [16]. This controller first utilizes the LQR, followed by the signal
compensation technique (SCT). Another controller for the same purpose is proposed in [17] without control
design or information about the system, so the results are experimentally validated.

When there is a fault in the helicopter’s organs, the system’s performance is directly influenced and
this can be considered as an internal disturbance. In this context, Wang et al. [18] propose a controller in the
case where the sensor is faulty based on a fault detection and isolation (FDI) observer which also works as a
state estimator to allow the proposed fault tolerance controller to ensure accepted performances. Another
fault tolerance controller is proposed in [19]. This time, in the event of an actuator fault, it utilizes a neural
network observer to mitigate external disturbances and ensure fault tolerance. Subsequently, the stability is
analyzed using the Lyapunov method.

In [20], a free controller model is proposed to control a 3-DoF helicopter in real-time. It is based on
linear control as a first step then on compensation developed through an uncertainty and external disturbances
estimator. A combination of feedback linearization and fractional order sliding mode is presented in [21] to
control the 3-DoF helicopter without requiring measurement or estimation of the disturbance whose
simulation results are compared with the integer order sliding mode controller. Three controllers are designed
for nonlinear systems: state-dependent Riccati equation (SDRE), model reference adaptive control, and
sliding mode control which are applied to the 3-DoF helicopter as a nonlinear system [22].

A 3-DoF helicopter control is ensured using PID based on LQR where gains of PID are
approximated from the LQR matrix in [23] and another PID controller is applied experimentally to 3-DoF
helicopter Quanser’s bench-top in [24] after modeling and simulation of controlled system. In the same
context, a model predictive control (MPC)-based LQR controller is applied to the previous bench-top [25].
Using successive linearization, nonlinear model predictive control (NMPC) is developed in [26] to control
travel and elevation angles of the studied helicopter system, and simulation results are discussed and
compared with linear model predictive control (LMPC). Mehndiratta and Kayacan [27] implemented a
nonlinear moving horizon estimation (NMHE) and extended Kalman filter (EKF) with nonlinear model
predictive control (NMPC) for trajectory tracking of a laboratory 3-DoF Helicopter Quanser. Choudhary [28]
proposes to control the 3-DoF helicopter based on the H-co method, where the modeling system is divided
into 3 sub-systems, each one is a SISO model which governs an angular movement: elevation, pitch, and
travel angles under external disturbance.

In the second section, a comprehensive theoretical overview of the system and its state-space model,
developed by Quanser, is presented and explained. In the third section, the method proposed in this study is
detailed, beginning with the adjusted linear quadratic regulator (ALQR). Next, the application of the flower
pollination algorithm (FPA) to the regulator is explained, followed by the incorporation of the proportional-
derivative (PD) controller into the general structure of the proposed method.

The obtained results are presented in the last section, divided into 2 parts: simulation and
experimental results, with an application of impulse disturbance to verify the robustness of the proposed
control strategy. The results are discussed from the point of view of precision, speed, stability, and
robustness. A conclusion at the end of the paper explains and includes a comparison with other works
previously carried out.
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2. COMPREHENSIVE THEORETICAL BASIS

To study and test the control techniques, it is necessary to have an overview of the 3-DoF helicopter
system laboratory robot which is built by “Quanser”. It is mainly composed of two motors to make the
angular movements of the helicopter body: elevation &, pitch p, and travel A with 3 position sensors to
provide feedback signals to the controller indicating the response of mentioned angular positions as shown in
Figure 1. For making the relationship between the real helicopter and the laboratory 3-DoF Quanser
helicopter, Figures 2(a) and 2(b) present a projection of the angular movements of the system around
elevation, pitch, and travel axis on a real Boeing helicopter.

Figure 1. Quanser’s 3-DoF helicopter [29]
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Figure 2. Forces and motion diagram: (a) 3-DoF helicopter’s free-body diagram of [29] and (b) free-body
diagram translation onto helicopter Boeing CH-47
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The 3-DoF helicopter is a system of two inputs: motor input signals and 3 outputs which are
elevation ¢, pitch p, and travel A angular positions, making it an under-actuated system. The state space
model is developed through the linearization of the non-linear model around the operating point by the
Quanser constructor [29].

X=AX+B.U (1)
Y =C.X+D.U )
The state vector, the control vector, and the output vector are presented successively as (3) and (4).
XT=[e p 2 ¢ p A (3)
Ut =[Ur Up] @)
Yi=[e p 4] (®)

Uy is the control input signal of the front motor and U, is the control input signal of the back motor. The final
state space model is (6) and (7).

0 0 00 0 0 0 0
0 0 000 0 0 0
0 0 000 0 0 0
5 LaKf LaKf U 6
X=10 0 0 0 0 OfX+ 2meaz+mew2 2mea2+meW2' (6)
0 0 00 0O L K L Ky
(Lymw—=2Lgm¢)g - —-
_0 - mew2+2mefa2 0 0 0 0— ’ meh ’ meh
0 0
1 0 0 0 0 O 0 0
Y=o 1 0 o 0 ofl.x+|o ofl.U (7)
0 0 1 0 0 0 0 0

3. PROPOSED CONTROL METHOD

Figure 3 shows the application of the proposed control strategy on the 3-DoF helicopter. The general
diagram of the hybrid technique explains the combination of the adjusted LQR technique using the FPA
optimization and PD controller to generate the signals Ur and U, and apply them to the flying robot as shown
in Figure 3.
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(After FPA)
Q| R
]
e
E4p) “p U, v
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Control
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Figure 3. General structure of proposed ALQR-PD control method
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3.1. Adjusted linear quadratic regulator

LQR is used to control linear systems or linearized nonlinear systems as in the case of this study, by
minimizing an objective function called J index (11) to find the optimal Q and R for calculating final control
gain K. This technique is used a lot to control robotics and aerospace systems [25]. The control vector can be
calculated using (8),

U=-KX (8)
where K is calculated using (9).

K =R7'BTP 9)
P is a positive definite solution which can be found by solving the Riccati equation in (10).

AP+ PA+Q—PBR'BTP =0 (10)

Q is a positive or semi-positive defined symmetric matrix and R is a positive defined symmetric matrix. It is
important in this step to find the gains of Q and R matrices used in the previous calculation in such a way that
the obtained control gain K is optimal.

For a classic LQR control, the matrices Q and R are chosen to minimize the performance index J.

J=["(XTQX + UTRU) dt (11)

The proposed ALQR method is based on the direct minimization of the error between the desired
elevation and travel values and the response of each angle instead of minimizing the index J using a
metaheuristic optimization technique based on FPA whose objective function is the squared integral error
(ISE) which can be written as (12).

ISE = [""e.2(t) + e,2(t) + e 2(t) dt (12)

Here, e, e,, and e; are the errors between desired and actual values of elevation ¢, pitch p, and travel A
angles successively [30].

3.2. Application of FPA on LQR

The flower pollination algorithm is one of the metaheuristic optimization methods allowing
iteratively to find a desired solution verifying a determined objective function [31]. In this work, FPA is used
to find the gains of the matrices Q and R used to calculate the optimal control gain K whose objective
function is a function to be minimized presented by the integral squared error ISE between the desired value
and the response of the system containing the error of elevation angle and that of travel angle in Figure 4.

Output vector x of the proposed optimization algorithm contains the elements of the best R and Q
matrices found after 23 iterations ensuring the appropriate control gain K is considered optimal which makes
the system operate with the best error (minimum ISE).

a, 0 0 0 0 O
0 a, 0 0 0 O
o 0 aa 0 0 o0
Q=10 0o o a, 0 0 (13)
0 0 0 0 ag O
lo 0 0 0 0 al
_[B 0]
R=; ’ (14)
The objective of FPA is to find the vector x.
x=[a, a az a, as ag B (15)
Vector x contains the gains of best Q and R matrices used to calculate the optimal control gain K.
K =lgr (A,B,Q,R) (16)
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Initialization:
Initialize: Number of iteration T, Population size N,Switching probability p, Step size ¢
Evaluate initial population and find the best solution ghest
Loop:
For m=1-T
s For n=1-N
rIf rand <p
Do x,t*! = x,.' + rand. c(x,,* — gbest) (Global pollination)

Else
< < ) Take 2 solutions x,,* and x;,*

Do x,, 't = x,,t + rand. (x,* — x,*) (Local pollination)

* End if
Select and update solution

\ End for

Find the current best solution among the population

End for

Extract the optimal solution x (gains of Best Q and R matrices}
Such as:

t = [@1(m) ay(m) az(m) au(m) ag(m) ag(m} P(m)]

Figure 4. Flower pollination algorithm [30]

3.3. Proportional derivative controller

To ameliorate the performance of the controlled system, a PD controller in Figure 5 is added to the
travel loop as well as the elevation loop as shown in Figure 3, where 6, is the desired angular position
(elevation or travel). The PD gains are adjusted manually (self-tuning) until the possible improvement in the
response obtained by the ALQR controller occurs in Table 1. MATLAB/Simulink software is used to obtain
the results by simulating the controlled system and Quarc software is used to link the Simulink model with
the 3-DoF helicopter robot bench-top of Quanser to apply the experimental tests.

v

K,.e(t) System

6, e(t)

de(t)
dt

ke

Figure 5. General structure of proposed ALQR-PD control method

Table 1. Self-tuned parameters of PD controller

Angles Gain K, Gain K,
Elevation & 8 25
Travel A 2 0.615

4. RESULTS AND DISCUSSION

In this study, the mathematical model parameters mentioned in Table 2 of the manufacturer Quanser
are used in the simulation and experimental tests of the system. These parameters include the mass of the
front propeller, counterweight, and key distances. They are crucial for ensuring accurate dynamic
performance and control of the 3-DoF helicopter system.
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Table 2. 3-DoF Quanser’s helicopter parameters [29]

Parameter Symbol Value

Mass of front propeller assembly (includes motors, shield, propeller and half helicopter body) Mg 0.713 kg
Mass of the counterweight M, 1.87 kg

Propeller force-thrust constant (found experimentally by Quanser) Ky 0.1188 N/V

Gravitational constant g 9.81 m/s?

Distance between travel axis to counterweight Ly, 0.470 m

Distance between travel axis to helicopter body L, 0.660 m

Distance between pitch axis to each motor Ly 0.178 m

4.1. Results of ALQR using FPA
The proposed optimization algorithm parameters are mentioned in Table 3. By applying the
proposed metaheuristic technique FPA on the system controller, found Q and R matrices are (17) and (18).

99.02 0 0 0 0 0
[ 0 8105 0 0 0 0 ]
_] o0 0 100 O 0 0 |
Q_| 0 0 0 090 0 0 (n
l o 0 0 0 025 o0 |
| 0 0 0 0 0 98.47J
_[025 0
R ‘[ 0 0.25] (18)
Then, the obtained optimal control gain K is (19).
_[14.07 2373 -14.14 128 6.4 —27.2
k= [14.07 —23.73 14.14 128 -64 272 ] (19)

Obtained control gain K is applied to the general structure of the proposed technique in Figure 3 for the final
simulation and experimental applications, where the results obtained are presented in Table 3.

Table 3. FPA parameters

Parameter Value
Iteration number T =23
Population N =50
Search space [0 100]
Output variables 7 variables : From a; to ag and B
Switch probability p = 0.5
Step size c=02

4.2. Simulation results

The results present steps and tracking responses for each angular position: elevation, travel, and
pitch, corresponding to this travel while checking the voltages applied to the helicopter motors and
terminated by a table that summarizes the performance of the system controlled by the proposed method.

4.2.1. Elevation angle response

By applying a desired input signal e; = 7°, the step response of the system according to the rotation
around the elevation axis is presented in Figure 6(a) then a desired sinusoidal input signal e; =
(7.5).sin(0.04t). The tracking response is presented in Figure 6(b).

According to Figure 6(a), the helicopter’s elevation reaches the desired value in a time of less than
1.5 seconds without overshoot and with zero static error, as well as very good tracking of the sinusoidal
signal as shown in Figure 6(b) which shows the stability, precision, and speed of the system controlled using
the proposed method. Another desired trajectory is applied to the system to check the tracking of the variable
steps by the system and the voltages applied to the motors: ; = [0° 15° 30° 15° 0° — 15° — 30° — 15° 0°]
and results are presented in Figure 7.

The system correctly tracks the desired trajectory at the same performance as that of the step
response as shown in Figure 7(a) without saturating the motors. Figure 7(b) presents the voltages Uy and U,
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in volts applied by the controller where it is clear that the motors are not saturated and operating at an
average voltage do not go out of the interval [-5 V +5 V], with a pick towards -24 V or +24 V at the instants
of the step variation which lasts a very small margin of time (10-2 second) which is necessary to quickly
reach the desired value. To ensure the desired elevation, it is logical that the motors are subjected to the same
voltage but the creation of the travel angle requires a movement around the pitch axis achieved by the
difference in forces provided by the two motors which interpret the difference between the voltages applied
to front and back motor in the first 3 seconds.

@
w©

—Desired Elevation —Desired Elevation
—Helicopter Elevation

—Helicopter Elevation

Elevation Angle (*)
e @

~
Elevation Angle (°)

0 05 1 15 2 25 3 35 4 45 5 0 10 20 30 40 50 60 70 80
Time (s) Time (s)
@ (b)

Figure 6. Elevation responses: (a) step response and (b) sinusoidal tracking response

40 30

—Desired Elevation —U front motor:
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-40 -30
0 5 10 15 20 25 30 35 40 45 50 55 60 o] 5 10 15 20 25 30 35 40 45 50 55 60
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Figure 7. Response and voltages: (a) elevation square tracking response and (b) applied voltages by the
controller

4.2.2. Travel and pitch angle response

A set point is applied as the desired value to test the Travel step response of the system: A, = 10°.
The helicopter’s travel angle reaches the desired travel angle in less than 2.9 seconds and without any
overshoot or steady error which shows the accuracy and stability of the proposed method in Figure 8(a)
and a very acceptable pitch movement is done by the helicopter to obtain the desired travel in Figure 8(b).
Figure 9 shows the step response of the system to a variable desired angular travel position
Aq = [0°15°30°45°30° 15° 0° — 15° — 30° — 15° 0°].

12 —Desired travel 8 —Desired Pitch
10 —Actual travel 4 —Helicopter Pitch!
— 2
o
<6 g 2
% 4 g 4
= 6
2 -8
0 -10
0 05 1 1.5 2 25 3 35 4 45 5 55 6 o 0.5 1 1.5 2 25 3 3.5 4 4.5 5 5.5 6
Time (s) Time (s)
(@) (b)

Figure 8. Travel and pitch responses: (a) travel step response and (b) the corresponding pitch response
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Figure 9(a) shows that the system follows the desired trajectory with the same performance as the
case of the step response, then the proposed method allows the system to function well in different travel
angles at a wide interval, from -45° to + 45° for example. The pitch angle diverges from 0° towards another
value to make an angular movement of the helicopter body around the Travel axis such that the value of the
pitch angle does not exceed the limit [-32° +32°] because this limitation is taken into consideration as a
constraint in the controlled system in Figure 9(b). Applied voltages in case of travel square tracking are
presented in Figure 10.

—Desired Travel —Desired pitch
40 —Helicopter Travel —Helicopter pitch

Pitch Angle (°)

"0 5 10 15 20 25 30 35 40 45 50 55 60 85 70 75 80 “"p 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80
Time (s) Time (s)
(a) (b)

Figure 9. Response and voltages: (a) travel square tracking response and (b) the corresponding pitch response

—U front motor
—U back motor,

Control Input (V)

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80
Time (s)

Figure 10. Applied voltages for travel square tracking

With good precision, the suggested controller applies the motor voltages in a balanced manner in
Figure 10. The difference in voltages given to the front and back motors at each variation instant of the
desired travel step interprets the creation of a pitch angle in Figure 9(b), which in turn generates the desired
travel at each instant in Figure 9(a). The success of the suggested solution in real-time application is
demonstrated by the fact that the proposed controller does not impose a voltage outside of the interval
specified by the manufacturer [-24 V + 24 V]. The simulation results are summarized in Table 4.

Table 4. Obtained performances using the proposed method

Performances Settling time (s)  Overshoot (%)  Error (°)
Elevation Angle <15 0 0
Travel Angle <29 0 0

These results demonstrate that the proposed method is very well qualified to be validated
experimentally because the responses of the system are obtained by taking into consideration the constraints
imposed in the system. The limit of the pitch angle is described as

p=[-32° +32°

and motor saturation is described as

Unmotor = [—24V  + 24V]
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4.3. Experimental validation results

To validate the simulation results, experimental tests are applied on the bench-top of Quanser’s
3-DoF helicopter presented in Figure 11(a) whose parameters are presented in Table 2. Two desired
elevations of sinusoidal and variable step form are applied as desired inputs to check the tracking of this
angle by the system with manual external disturbances applied to check the fidelity of proposed controller
in Figure 11(b) while displaying the voltages applied to each motor (control inputs) in order to confirm the
non-saturation of the system’s actuators, and the same test is proposed for travel angle with a desired
sinusoidal input.

Disturbance

Travel
Disturbance

(b)

Figure 11. Experimental tests of (a) Quanser’s bench-top of 3-DoF helicopter and (b) elevation and travel
external disturbance actions (vertical + horizontal)

4.3.1. Elevation response

Figure 12 presents the system response to a step signal input at different amplitudes with the control
signals corresponding to this monitoring. A 100-second test is displayed in Figure 12(a), verifying the
tracking of the rotation around the elevation axis by the system following the desired trajectory
g4 = [—5°0° 5°10° 5° ] with the application of a disturbance at the 54" second and a stronger disturbance in
the opposite direction at the 62"second. The system makes a fast return to the desired trajectory in both cases
of disturbance with a logical increase in the motor voltages to compensate for the disturbances in the forces
applied to the helicopter body in Figure 12(b). Another trajectory is proposed to test the tracking of the
elevation angle: e; = 2.sin (0.04t) then &4 = (7.5).sin (0.04t) According to Figure 13, the system
correctly follows the sinusoidal trajectory for the two amplitudes: 2° and (7.5°) with a simple error which
shows the effectiveness of the proposed method.

—Desired Elevation
—Helicopter Elevation

o

o

External
Disturbance

Elevation Angle (°)
: )

0 10 20 30 40 50 60 70 80 90 100
Time (s)

(@)

—Front motor
—Back motor|

| External
|Disturbance|

Control Input (V)
o

~o 10 20 30 40 50 60 70 80 90 100
Time (s)

(b)

Figure 12. Experimental elevation response: (a) elevation square tracking response under disturbance and
(b) applied voltages by the controller
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— Desied Elevation
—Helicopter Elevation

‘,\ /
0 ,\/\
-5 J 3 / \
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Disturbance”"

100 120 140 160
Time (s)

Figure 13. Experimental elevation sinusoidal tracking response under disturbances

4.3.2. Travel response

An experimental test is applied to verify the system response to a desired travel angle 1, in a
sinusoidal form to check the tracking response of the system on the travel axis:1; = 45.sin (0.03¢).
Depending on the obtained results, the system makes a good tracking of the sinusoidal travel with a simple
error as well as a rapid return to the trajectory in the case of an external disturbance like that applied in the
62" and 103" seconds of the experimental test in Figure 14(a), where there is a disturbing manual force on
the helicopter body applied on the travel axis.

Figure 14(b) explains the balance between the curve of the front motor’s voltage (in red) and that of
the back motor’s voltage (in black), it is remarkable that during the rise of the curve the travel angular
movement in Figure 14(a), the back motor is placed at a voltage higher than that applied to the front motor
which makes a difference between forces provided by the motors and then creates a positive pitch angle p>0
which creates a travel movement A from -45° to +45° as in the following time interval for example:

t € [8.25s 24.755]
and the opposite is in the following interval:
t €[24.75s 41.255]

where the red curve of the first motor (front) voltage is above that of the second motor (back) voltage, the
travel movement is from -45° to +45°. It is clear that each of the two voltages has a non-zero average value
(=7 V) and this can be interpreted by maintaining a sufficient value of the elevation angle during the test of
this angular travel movement.

Desired Travel External —U front motor’
Disturbance | | —U back motor

o
[=]

Travel Angle (%)
o

/

S
J

—

Input control (v)

-

0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140
Time (s) Time (s)

(@) (b)

Figure 14. Experimental travel response of (a) travel sinusoidal tracking response under disturbances and
(b) applied voltages by the controller

5. CONCLUSION

This paper presents a hybrid control method for 3-DOF helicopters based on the PD controller and
ALQR. The ALQR control gain is found through a metaheuristic optimization technique based on FPA
passing through 23 calculation iterations, and a PD controller is placed upstream of the travel and elevation
angle loop for better performance. Different signals according to each situation are applied to the system as
desired values: step, square, and sinusoidal. The simulation results show outstanding responses from the
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point of view of stability, precision, speed, and robustness compared to other methods presented previously.
Experimental tests are carried out under an impulse disturbance using handle force directly in the case of
elevation and travel flight and the results show the effectiveness and robustness of the developed method.
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