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ABSTRACT

In this paper, a proportional derivative gain scheduling (PD-GS) approach that
can control the position of a quadcopter in outdoor conditions is presented. The
advantage of this method is smooth tracking, simple to implement in real-time
applications, and wind rejection for position performance. The mathematical
model of an unmanned quadcopter in the inertial frame has been provided to
design appropriate controller for the quadcopter UAV. The response between
proposed PD-GS controller and conventional one is compared through
simulation and experiment results. The achieved results present the
effectiveness of proposed approach.

Key Words: Position Controller, Gain Scheduling, PD Controller, Quadcopter,
Wind Rejection.

I. INTRODUCTION

Quadcopter unmanned aerial vehicles (UAVs) are being increasingly employed in a
variety of applications, such as military, aerial photography, delivery, and search-and-
rescue operations. This is because they have advantages of small size, low cost,
hovering ability, mechanical simplicity, agility, maneuverability, and indoor and
outdoor operation, which makes them more interesting compared to other UAVSs.

Various UAV development technologies have been investigated in recent years, such
as target tracking control [1-2], fault diagnosis and fault tolerant control [3-4], and
formation flight with multiple agents [5-6]. Development of such technologies requires
use of the position controller in open source software. Although several control methods
for quadcopter UAVs have been previously investigated [7-11], the proportional-
derivative (PD) controller remains the most well-known for commercial purposes
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owing to its simple structure, real-time implementation, and no requirement of a
mathematical model during the design phase. In fact, many renowned companies, such
as Ascending Technologies [12], 3D Robotics [13], and AR Drone [14], employ the
fixed-gain PD controller for position performance. However, these commercial
controllers are challenging to smooth tracking and wind disturbance under windy
conditions because their controller gains are unchanged during operation. Therefore,
they need to be retuned for different situations.

Many existing papers have been studies control approaches on quadcopter UAV to
reject the wind disturbances. Sahul et al. [15] developed a PID controller based on an
optimization technique to eliminate wind disturbances. Gautam and Ha [16] presented
a method that employs a fuzzy PID controller combined with EKF to reject wind
disturbances during UAV position control. Another advanced approach was proposed
by Cabecinhas et al. [17]. They designed a nonlinear adaptive controller to eliminate
constant force disturbances. Other researchers have utilized estimation methods to
estimate wind-disturbance forces and use them in conjunction with the controller. In
[18], the wind effect was estimated using accelerometer data. This information was then
used to improve the performance of the controller under presence of the wind effect.
Madani and Benallegue [19] investigated UAV-tracking control in the presence of wind
disturbances by employing a sliding-mode observer to estimate velocities and external
disturbances. Additionally, a back-stepping controller was designed to compensate for
modeling errors. In [20], when performing wind estimation, static as well as dynamic
wind conditions were rejected using the control strategy based on adaptive and sliding-
mode control methods. To design better wind-resistant controllers, researchers [21-22]
have also investigated the use of onboard sensors as an information for the controller.
The above methods, however, require intensive computation on part of the system, and
are, therefore, not suitable for real-time implementation which uses low-cost
microcontroller units for UAVS.

The proposed study presents a simple and effective control method for improving
position-control performance of quadcopter UAVs. A PD-GS approach has been
developed based on conventional PD to control the position of quadcopter UAVS.
Advantages of this method include smooth tracking, less computation in real-time
applications, and capability of reducing wind disturbances. The remaining of this paper
is as follows. The dynamics of the quadcopter UAV is presented in Section 2. Section
3 subsequently describes controller design. Results obtained from the study are
presented in Section 4 facilitating comparison between the proposed and PD
approaches. Lastly, conclusion is presented in Section 5.

Il. DYNAMICS OF QUADCOPTER UAV

The geometric configuration of the quadcopter with regard to the placement of motors
and propellers is depicted in Fig. 1. The back and front motors (1 and 2) rotate in the
counter-clockwise direction while motors 3 and 4 rotate in the opposite (clockwise)
direction.
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Fig. 1 Geometric configuration of the quadcopter UAV.,

The four control variables can be defined as follows:
U=F+F+FK+F

U, =(F-F)L
U,=(FR-F)L
U,=¢+7,-7,—7, (1)

where L is arm length; z, represents the torque produced by the ith motor; and F,
represents the thrust force generated by the ith propeller.

The thrust force and torque have relationships with the rotational speed of the propeller:
F =bQ;

7, =dQ’ (2)

where b,d represent the thrust and drag coefficients; Q7 represents the rotational
speed of the ith motor.

Substituting equations (2) in (1) yields:
U, =b(Qf + Q5 + Q2 +Q?)
U, =bL(Q% - Q)
U, =bL(Q - )
U, =d(QF+Q; Qi -Q?)

(3)
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Since rotor inertia is relatively small, low-speed quadcopter dynamics, in several extent
studies [23-24], have been described as follows:

% ={U, (cosgsindcosy +singsiny )+ f,}/m
y ={U, (cosgsinfcosy —singcosy )+ f, |/ m
7={U, (cosgcosdcosy )+ f,}/m

$=U,I1l,

6=U,/1,

w=U,/l,

(4)

Here X,y and z represent position coordinates of the quadcopter in the inertial frame;
m is the quadcopter mass; ¢,6 and y represent the roll, pitch, and yaw angles; 1,1,

and 1, represent the moments of inertia along the X,y and z directions; f,, f, and
f, represent wind forces.

1. CONTROLLER DESIGN
1.1 ATTITUDE CONTROLLER

This section describes the PD control law to control attitude of quadcopter. The control
variable obtained using the PD control law can be expressed as:

U, :kl[kZ (¢d _¢)_¢J (5)
where k;,k, represent controller gains; ¢, is the desired roll angle; ¢ is the current roll

angle; ¢ is the current roll rate.

Fig 2 describes a schematic of the roll controller

Fig. 2 Roll controller.
From (4) and (5), it can be demonstrated that:

é5+:(—1¢3+%¢=%¢d (6)

XX yy Yy
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Let:
K, =k /1,
K, =kk, /1, (7)
Substituting (7) into (6), we get:
§Z+Kd¢+Kp¢: Kd¢d (8)

Standard form of the second-order system given by:

2
a,

H(s) = h
() s°+ 28w 5+’ ©)

where ¢ indicates damping ratio, @, indicates natural frequency, s denotes the
Laplace operator.

The criteria of system is created as

(=4
o,
T
M % =e V< x100% (10)
18
[0

where M % indicates the percentage of overshoot; t, and t, indicate the settling and
rising times.
Combining (8) and (9) yields the controller gains as:

K,=2w,

K =&
P n

(11)

Once K, and K, are obtained, controller gains k; and k, will be obtained from
equation (7). The same approach is designed for pitch and yaw controller.

[11.2 POSITION CONTROLLER

The objective of the proposed PD-GS controller is to not only achieve smooth tracking
performance using the conventional PD-controller gains but also achieve good
performance when operation in the position hold mode, which utilizes gain scheduling
to reject wind disturbances. Fig 3 depicts a schematic of the proposed PD-GS approach,
wherein the control system is based on the PD algorithm. The proportional and
derivative gains are tuned via a gain scheduling operation, which is determined by the
changing natural frequency e, . Prior to using the gain-scheduling operation, the PD
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controller must be designed.

Gain
scheduling o,

1

Sensor

Fig. 3 Operating principle of the PD-GS approach.

The position dynamic equations used in the proposed approach can be rewritten as:

X L T, 0
y == T, -0 (12)
/A T g

where T,, T, and T, represent virtual control variables in the X,y and z directions,
respectively.
Considering motion in the z direction, we have

. T
Z =_Z_ 13
-9 (13)
Let
T,=mg+T, (14)

From equations (13) and (14), it can be shown that:
7= N (15)
m

The PD control law for motion along the z direction can be described as:
Tl:klz(kZZ(Zd _Z)_Z) (16)

where ki, ,k,, represent controller gains, z, is the desired altitude, z is the current
altitude, and 7 is the current vertical velocity.

Fig 4 describes a schematic of the z controller

ii,

|z |Z

Fig. 4 Schematic of z controller.
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From (15) and (16), one can obtain:

-Z-:klz(kzz(zd_z)_z) (17)
m
Let:
K, =k, /m
K,, =kyky, /m (18)
From (17) and (18), the following result can be obtained:
I+K,2+K,z=Kz, (19)

Equation (19) can be considered as a second-order system. The controller gains

K, Kq, can be obtained as follows:

Ky =280,

2 (20)
sz =w,

It is obvious from equations (18) and (20) that in order to obtain controller gains k,,
and k,, , the natural frequency @, and damping ratio & need to be tuned. The position
controller has been designed with a damping ratio & equal to 0.7. The natural frequency
o, is adjusted using the absolute error, as shown in Fig 5. If the absolute error |e|
exceeds a certain value e,, the natural frequency is held constant at the same value as

for the PD controller case for tracking performance. When operating in the position
hold region, however, the natural frequency can be adjusted to tune controller gains
using the following equation:

w, =c.|e|+d (21)
where ¢ and d are two constants that need to be determined.

@ A

M

$e s ¢
Position  Tracking
hold region  region

Fig. 5 Principle of the gain scheduling operation.
It is noticed from equation (21) that the natural frequency need to be satisfied
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O < @, < @, 10 get robust performances for controller. The same approach is

min —

applicable to controllers in the x,y directions.
The control variable U, is denoted as:

U1 = TZ (22)
cos¢coséd

The desired roll and pitch angles can be obtained as follows:
0 1| cos sin T,
¢ |_ 1 ' Yy Yy (23)
#y | U, |-siny, cosy, ||T,

IV. SIMULATION STUDY AND EXPERIMENTAL RESULTS
IV. SIMULATION STUDY

To verify the performance of the position controller in the horizontal direction, the PD
control law and the PD-GS are applied to the dynamic model that presented in equation
(4). The conventional PD approach was employed with a damping ratio of 0.7 and
natural frequency of 0.6 rad/s. For the PD-GS approach, the damping ratio was held
constant at 0.7 while the natural frequency was defined as follows:

(24)

n

[os it Je|>2
| -05fe|+1.6 if0<le[<2

Design specifications of the Hummingbird Quadcopter are listed in Table 1.

Table 1 Design specifications of Hummingbird Quadcopter.

Parameter Symbol | Value | Units
Mass m 0.616 kg
Arm Length L 0.17 m
Inertia moment of x-axis Ixx 0.0073 | kg.m?
Inertia moment of y-axis lyy 0.0073 | kg.m?
Inertia moment of z-axis Iz 0.0117 | kg.m?

Fig 6 compares the performance of the conventional PD and PD-GS approaches along
the x direction in the presence of the wind force depicted in Fig 7. Performances of
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the two approaches mentioned above were evaluated using the quadratic error index
given by:

e = j e(t)’dt (25)

The quadratic error index calculated from ¢ =955 s for each approach is listed in
Table 2.

sl ; L~ £
45 /

/ 1=9.55(s)

Setpoint | |
PD
PD-GS

X [m]

. . . . . .
0 5 10 15 20 25 30 35 40
Time [s]

Fig. 6 Comparison of conventional PD and PD-GS approaches in the presence of
wind force.
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Fig. 7 Wind force acting along the x direction.

Table 2 Quadratic Error of Two Approaches

Algorithm Quadratic error [m?]
PD 43.677
PD-GS 2.021
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Fig 8 compares the response between two controllers in circular path and rectangle path

respectively under wind force acting x direction depicted in Fig 9.

Setpoint
——PD
PD-GS

Y [m]
b & b b o N &2 o =

Setpoint
PD
PD-GS

(b)
Fig. 8 Response between two approaches:
(@) in circular path, (b) in rectangle path
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=
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Time [s]

Fig. 9 Wind force acting along x direction

This results confirm that the proposed PD-GS approach-based controller demonstrates
a better performance compared to the conventional PD controller in the presence of a

wind force.



Position Control of a Hummingbird Quadcopter Augmented by Gain Scheduling 1495

IV.2 EXPERIMENTAL RESULTS

The performance of the Hummingbird quadcopter was controlled by a combination of
software and hardware. The ground control system was implemented in the
MATLAB/Simulink environment to send commands to and receive flight data from the
quadcopter via the Xbee wireless radio communication module. The attitude- and
position-control algorithms were implemented onboard the high-level (HL) processor
in the quadcopter. The attitude and position controllers were updated to frequencies of
1 kHz and 5 Hz, respectively. The experiment was divided into two parts. Initially, the
command z =5m was issued by the user. After attainment of a stable altitude, the user
issued the second command x =7m, y =0m. Fig 10 compares performance of position

controller along the x and y directions, corresponding to the PD-GS and PD
approaches. From timet = 17.5s to the end of the experiment, the position hold
performance for the two approaches are presented in Fig 11. The quadratic error index
for each approach is listed in Table 3.
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Fig. 10 The response of two approaches:
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Fig. 11 Position hold performance between the two approaches.
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Table 3 Comparison of Position-Controller Performance between Two Approaches

Algorithm | Quadratic error | Quadratic error
in x direction | in y direction

[m?] [m?]
PD 221.0978 709.3147
PD-GS | 5.3108 53.6539

The response of proposed controller is faster and quicker to return to position hold
region compared to conventional one. Moreover, the proposed controller can also
obtain smooth tracking from controller gains of conventional PD.

V. CONCLUSION

In this work, the quadcopter can be made to perform smooth maneuvers while in flight,
the effect of wind disturbance has also been reduced. Moreover, this approach is straight
forward to use in real-time implementation. However, the stability of system has not
been addressed because the range of natural frequency depends on trial and error
approach. This is solved in the future.
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