Mechatronics 24 (2014) 1178-1188

Contents lists available at ScienceDirect

Mechatronics

Mechatronics

journal homepage: www.elsevier.com/locate/mechatronics

A quad-rotor system for driving and flying missions by tilting
mechanism of rotors: From design to control

S.H. Jeong, S. Jung ™

CrossMark

-

Intelligent Systems and Emotional Engineering Lab., Department of Mechatronics Engineering, CNU, Republic of Korea

ARTICLE INFO ABSTRACT

Article history:

Received 2 February 2013
Accepted 15 September 2014
Available online 4 November 2014

Keywords:

Quad-rotor system

Driving and flying control
Tilting mechanism of a rotor
Sensor fusion

This article presents the hybrid design and control of a quad-rotor system called Flymobile. Flymobile is a
combined system of a mobile robot and a quad-rotor system aimed to perform both flying and driving
tasks. Flymobile performs flying tasks in the same way as conventional quad-rotor systems while the tilt-
ing mechanism of each rotor allows Flymobile to navigate in its terrain for a driving task. The body frame
with rotors is implemented by a calibration process through a test-bed equipped with a force sensor. The
triangular wheel frame is designed to mimic motions of a mobile robot with three passive wheels. Sensor
data of a gyro and an accelerometer are filtered and used for controlling the attitude of the system. Focus-
ing on a practical approach of implementing a hybrid system, a non model-based approach is applied to
control Flymobile. Experimental studies are demonstrated to show the feasibility of performing both
driving and flying missions.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Recently, research interest in unmanned aerial vehicles (UAVs)
has been enormously increased. Successful missions performed by
UAVs in the war zone as a military weapon have accelerated
research in UAVs in many countries. Most of successful UAVs have
a conventional take-off and landing (CTOL) structure that is suit-
able for a long range plan such as a surveillance task at remote
areas. UAVs with the CTOL structure do not concern about the
space for take-off and landing since they require enough space in
wide areas.

In other aspects, however, UAVs can also be used for surveil-
lance tasks in urban areas where a lot of buildings are surrounded.
UAVs are often required to navigate between buildings to obtain
information. This leads to the priority of using a vertical take-off
and landing (VTOL) structure of UAVs. One of UAVs with the VTOL
structure is a helicopter that has been around for many years [1-5].
Miniature design of mimicking a single rotor system has been
introduced [5]. Although helicopters have great advantages of
VTOL and hovering posture, an abrupt change of direction is not
easily maneuvered and even of danger. Moreover, the backward
movement of a helicopter is difficult from the hovering posture
since it is not designed for omnidirectional movements in the sky.
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Since the omnidirectional movement is preferred in the narrow
space, quick movements help UAVs to improve maneuvering per-
formances greatly. This requirement leads to the usage of a
quad-rotor system that has four symmetrical rotors. Using four
rotors provides several advantages. Firstly, hovering control per-
formance can be achieved more easily than a single rotor system.
This enables quad-rotors to cooperate each other for carrying
objects together [4]. Secondly, control of quad-rotor systems is
much easier than that of a single rotor system. Movements of a
quad-rotor system are generated by controlling the velocity of each
rotor instead of controlling the blade. This leads to an omnidirec-
tional structure. Thirdly, payload to lift and carry objects can be
increased since more rotors are used.

In the framework of the quad-rotor system design, many
control algorithms have been proposed through simulation studies
[6-16]. A nonlinear control method [6], a simple linear control
method [7], and an inverse dynamics control method are
applied to improve control performances [9]. Intelligent control
approaches using neural network have been presented as well
[12,14].

In practice, physical quad-rotor systems are developed and pre-
sented [17-26]. A quad-rotor system is controlled on the test-bed
with a quaternion-based feedback control scheme [18]. Aggressive
maneuvering control has been demonstrated based on PIDA con-
trollers [20]. Recent research on quad-rotor systems is focused
more on autonomous navigation through localization with the help
of sensor fusion [21] and vision information [22-26].
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(a) Flying mode concept

/,

(b) Driving mode concept

Fig. 1. Design concept of Flymobile.

All of aforementioned research topics are concerned about the
flying capability of quad-rotor systems. Both driving and flying
operations of a quad-rotor system are rarely considered [27-29].

In this article, therefore, a novel hybrid design concept of a
quad-rotor system having both flying and driving capabilities is
presented [30]. The design concept of Flymobile for flying and driv-
ing is shown in Fig. 1. Each rotor can be tilted up for the flying
mode as in Fig. 1(a), and is stretched out for the driving mode as
in Fig. 1(b). For a driving capability, the base of the wheel frame
is designed as a triangular shape which is easier to steer since it
is constrained kinematically in the lateral direction.

A gyro and an accelerometer are used for detecting angles and
output signals are filtered out by the complementary filter and
the Kalman filter. Filtered signals are used for linear controllers
to regulate the velocity of each rotor for attitude control. Calibra-
tion of making each rotor’s force even by using a force sensor is
performed. Each rotor having a tilting mechanism enables both
driving and flying capabilities.

Since a practical approach of implementing a hybrid quadrotor
system is focused, a non model-based control method is applied.
Control gains are selected by empirical studies. Experimental stud-
ies of both flying and driving tasks of Flymobile are performed to

Fig. 2. Flying operation of Flymobile.

demonstrate the feasibility of the concept of a future flying
automobile.

2. Operation of a quadrotor system
2.1. Flying operation

Flymobile has a symmetrical structure and four rotors are
assumed to produce an equal thrust force as shown in Fig. 2. A pair
of front (F) and back (B) rotors rotates in the counterclockwise
direction and a pair of left (L) and right (R) rotors rotates in the
clockwise direction to prevent the body from rotating. Directional
movements can be generated by combining thruster forces
induced by each rotor.

Table 1 lists the operational patterns of all directional flying
movements of Flymobile. For example, Flymobile can fly up by
summing the velocity of each rotor under the assumption that
the characteristic of each rotor is same.

2.2. Driving operation

Using the concept of a mobile robot, three passive wheels are
formed a triangle so that a driving operation can be defined as in
Fig. 3. Flymobile navigates by a combined force of each rotor. The
back wheel is a pin jointed and two front wheels are omni-direc-
tional so that the heading angle can be changed by rotors.

The driving operation is somewhat different from the flying
operation listed in Table 1. To move forward as described in
Fig. 3(a), the back force Fg is required to be smaller than the front
force Fr and vice versa for the backward movement. Turning oper-
ations are different from the flying operation. To make the right
turn, the left force F; is chosen to be smaller than the right force
F to push the body to the right as shown in Fig. 3(c) and vice versa
for the left turn as in Fig. 3(d). Table 2 lists the driving operations of

Table 1
Flying motion command by rotor speed control.

Front rotor Fr Right rotor Fr Back rotor Fz Left rotor F;

Move up fr i i fr
Stationary T T T T
Move down n " " n
Move forward 1T 1 ~ T
Move backward * 1 T T
Move left T ~ 1 1
Move right T T 1 ~
Turn left 1T ~ T "
Turn right n 1 n 1

(Relative scale: 1> 1>").
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Fig. 3. Driving operation of Flymobile.

Flymobile that show the relative magnitude scale of the thrust

Table 2
Driving motion command by rotor speed control. force of each rotor.
Front rotor Right rotor Back rotor Fg  Left rotor F;
Fr Fr 3. Control schemes
Move Forward  f T ~ T
Move ” T r T There are two strategies of controlling quadrotor systems, one is
Backward a model-based control approach and another is a non model-based
Jumright 1 ! ! . h. Although th del-based h requi
Turn left i N 1 1 approach. Although the non model-based approach requires more

(Relative scale: > 1>").

experimental exercises, it has great advantages of simplicity in
controller design and dynamic analysis. Therefore, our concern

Flymobile

Fig. 4. Control block diagram.
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Fig. 5. Body design.

(a) Tilted up for flying

(b) Tilted down for driving

Fig. 6. Tilting mechanism.

Fig. 7. Real Flymobile.

here is to control Flymobile without deriving dynamics of the
system.

3.1. Angle control

Since Flymobile is an under-actuated system, we can only con-
trol four thrust forces from four rotors. Combined forces of each
thrust force control variables such as three angles ¢, 0,/ and the
altitude z to generate six motions in the space.

Control inputs for the roll, pitch, and yaw angle control are
given below.

Table 3
Specifications of Flymobile.
Specifications Units
Mass (m) 1.6 kg
Distance between Rotor and COG (I) 0.4 m
Maximum payload 2.5kg
Length 0.8 m
Width 0.8 m
Height 0.34m
MCU DSP28335
Remote control RF
Sampling time 2ms
Uy =kps(¢a — &) + Kiy [ (¢a — d)dt +kay(da — b)
Uy = kpg(@d — 9) + kig (0,_1 — G)dt + kdg(ed — 0) (1)

Uy = Koy (g =) +Kiy. [ (g = w)dt + kay (Ja — )

where kpy, ki kg, are PID controller gains for the roll angle control,
kpo. kio, kao are PID controller gains for the pitch angle control, and
kpy, iy, kay are PID controller gains for the yaw angle control.

3.2. Altitude control

The PID control method with the gravity compensation is used.
We have the control law for the altitude control.

1
cos 0 cos ¢

@)

Uy, = (U, + mg)
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Fig. 9. Estimation of angle data.

where m is the mas, g is the gravitational acceleration, and u,
becomes
U, = Kp; (24 — 2) + kiz / (za — 2)dt + kg, (24 — 2) (3)

where kp, ki, kq, are PID controller gains for the altitude control.
The altitude data z can be obtained by a sonar sensor.

3.3. System output force

Each rotor output force is described by combining control
inputs designed in (1)-(3). For example, if we add up the force F;
together, then we have the total thrust force u,, for the altitude
control as shown in (3). Therefore, control input to each rotor
can be given as

Fr = aug, — buy — cuy
Fp = aug, + buy — cuy,
Fr = auy, — buy +cu,’
F, = aug, + buy, + cu,

1 _ 1
wherea=%, b=,

Fig. 4 shows the control block diagram for controlling three
angles and the altitude of Flymobile.

=1
€=z

4. Hardware design of flymobile
4.1. Schematic body design

The schematic body design of Flymobile is shown in Fig. 5. It has
a squared rhombus frame whose each vertex is attached to one



S.H. Jeong, S. Jung/Mechatronics 24 (2014) 1178-1188 1183

25 T T T

20 ! : [

A

kalman

15 o]

10

Angle (Degree)
(6] o
A
‘ﬁh?%g—
e

-10

-15

-20

2 ; a i i
0 5 10 15 20 25

Time (sec)

(a) Filtering results of Kalman filter and accelerometer

400

300

Complementary
kalman

I

I

I

200

100

0

Angle (deg) x 10

-100

-200

-300
0 2 4 6 8 10 12

Time (sec)

(b) Filtering of complementary and Kalman filters

Fig. 10. Sensor filtering results.

rotor. Length and width form a square structure of 0.8(m) x 0.8(m)
in a top view and its height is 0.34 m. The base frame with wheels
forms a triangular shape, and each wheel is attached to each ver-
tex. The triangular shape forms a wheeled-drive mobile robot.

4.2. Tilting mechanism

One of the main contributions is to develop hybrid design with
the tilting mechanism of the Flymobile system. Each rotor has a
tilting mechanism controlled by a servo motor. The tilting mecha-
nism allows two operational modes: driving and flying mode as
shown in Fig. 6. The flying mode can be achieved by tilting the

(a) Flymobile on the testbed

250

200

150

100

Control Input

50

Time (sec)

(a) Control input

Force (N)

2 1 ! ! | |
0 5 10 15 20 25 30
Time (sec)
(b) X axis Force

Fig. 12. X axis force test by one rotor actuation.

rotor upward as in Fig. 6(a) and the driving mode by tilting the
rotor downward as in Fig. 6(b).

4.3. Overall system

A real Flymobile system is shown in Fig. 7 as a top view. The
mass is 1.6 kg and the length and width are 0.8 m to form a square.
The maximum payload is 2.5 kg. The control sampling time is
achieved at 2 ms. Table 3 lists the specifications of Flymobile.

One back wheel and two front omni-directional wheels are used
for the mobile base. Different from the wheeled drive mechanism
of mobile robots, front omni wheels are steered to change direc-
tions by rotors.

(b) Force sensor

Fig. 11. Test-bed of the system.
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Fig. 13. Y axis force test by one rotor actuation.

4.4. Hardware design

There are four rotors and corresponding drivers. A hardware
structure is shown in Fig. 8.

The main controller is a DSP chip. A 3-axis gyro sensor, a 3-axis
accelerometer, a sonar sensor, and a magnetic compass are used to
detect the posture of the system. The gyro and accelerometer are
used to detect the roll and pitch angle, and the magnetic compass
is used for the yaw angle. The altitude from the ground is detected
by the sonar sensor.

5. Calibrations
5.1. Attitude estimation

We estimate the yaw angle by using the 3-axis magnetic com-
pass and 1-axis gyro information as shown in Fig. 9(a). We also
measure and estimate roll and pitch angles using the 3-axis accel-
erometer and 2-axis gyro information as shown in Fig. 9(b). The
sonar sensor is used for detecting the quad-rotor’s altitude from
the ground.

Roll and pitch angles are filtered by the complementary filter,
and then by the Kalman filter to obtain more accurate signals.
The Kalman filter equation is given as

Xi1 = {1 _dT}x + {dT}u +w,
k+1 = 0 1 k 0 k k

Zy = [1 O}X/(-l- Uk

250 T T T T T
200

150

Control Input
S
o

Time (sec)

(a) X and Y axis control inputs

Force (N)

Time (sec)

(b) X and Y axis forces

Fig. 14. X-Y axis force test by two rotors.

where dT is a sampling time of 2ms, x, = {Anglepredlct}

Gyrobias
z, = [Measured_angle], u, = [Gyrorate|, wy and v, are process noise
and measurement noise, respectively.
Time update:
)?,; = ARi_1 + Buy_4

P, = AP A" +Q
Measurement update:

Ky = P H'(HP,_{H" +R)'
X = X + K(zi — HXY) (7)
P, = (I - KeH)P,

where A = {1 7dT}, B= {dT} H=[1 0], and Q and R are

and measurement noises,

0 1 0 |’
covariance matrices of process
respectively.

We use the 3-axis gyro to detect 3-axis angular motions, two
axes for the roll and pitch angles and one for the yaw angle. Since
the yaw angle data of our sensor are quite noisy and inaccurate, we
add the magnetic compass along with gyro information to estimate
the yaw angle more correctly. Then signals are filtered out by the
complementary filter as shown in Fig. 9(a).

The complementary filter combines two sensors of having dif-
ferent frequency responses and compensate for the lack of each
sensor. The idea of the complementary filter is to use appropriate
filters for typical sensor characteristics to suppress the correspond-
ing noises. Further detailed implementation of the complementary
filter can be found in [31]. The frequency of the low pass filter and
the high pass filter is experimentally found and set to 1 Hz.
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Fig. 15. Force test by four rotors.

Offset values in the complementary filter are obtained from
empirical studies for calibration. G, and C,, are tuning constants.
Sensor algorithms are tested. Fig. 10(a) shows the filtering result
after the Kalman filter over the accelerometer signals. Fig. 10(b)
shows the sensor test result of the roll angle after both the Kalman
filter and the complementary filter, which eliminates high fre-
quency effects. Covariance values of Q and R for the Kalman filter
are selected as Q_accelerometer = 0.00015, Q_gyro = 0.00015, and
r=1.

5.2. Calibration of rotors

Although each rotor is manufactured by the same company,
each specification is slightly different. The same control input to
each rotor may generate a different output force. This behavior
clearly appears for the low cost motors. Asymmetrical frame struc-
ture appears although the center of the mass is assumed to be
located on the center of the frame. Therefore, the calibration of
each rotor is required to make the system symmetrical.

The overall test system is shown in Fig. 11. The whole system
consists of Flymobile, a PC, a force sensor, and a test bed. Flymobile
is located on the top of the test-bed which has a 6-axis force
sensor.

5.2.1. Single rotor control

Firstly, the force of each axis by a single rotor is measured and
calibrated. Fig. 12 shows the x axis force with respect to the control
input and Fig. 13 shows the y axis force when one rotor is actuated.

250

output1
output2

Control Input

Time (sec)

(a) Control inputs

Force (N)

Time (sec)

(b) Forces

Fig. 16. Calibrated force by four rotors.

(b) Driving mode

Fig. 17. Flymobile demonstration.
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Table 4

PID controller gains for experiment.
Gain Kp K; Kp
Roll ¢ 1.8 0.09 0.24
Pitch 0 1.8 0.1 0.27
Yaw 0.8 0.01 0.5
Altitude z 0.014 0.0012 0.0018

Angle (Degree)

-80 i i i i i i i i

0 5 10 15 20 25 30 35 40 45
Time (sec)
(b) Hovering data

Fig. 18. Outdoor hovering control demonstration.

5.2.2. Two-rotor control

Control inputs of two rotors are applied to the system and cor-
responding forces are measured. Fig. 14 shows x-y forces against
the applied rotor actuation.

5.2.3. Four-rotor control

All four rotors are actuated. Since each rotor is assumed to be
equal and to generate the equal force, the resulting force is
expected to be zero in all directions. However, we see small devi-
ations in force plots in Fig. 15. The error is about 2N. These errors
are caused by several reasons such as an asymmetrical body frame,
unbalanced fans, and different motor specifications.

Therefore, calibration process is required. Fig. 16 shows the
force plots after adjusting outputs of each rotor to make about zero
forces. Comparing Fig. 15(b) with Fig. 16(b), we clearly see that
deviation errors are reduced in Fig. 16(b).

60 ! ! ! ! !
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40 [enmeennennes fommenmeennens T frmneenneneas fommemnennnea -

X i
h 40 50 60
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(a) Roll and pitch angle response
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800
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Height (mm)

400
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(b) Altitude control response

Fig. 19. Elevation altitude control demonstration.

Fig. 20. Trajectory flying control demonstration.

6. Experimental studies
6.1. Hovering control

In experimental studies, two operational modes are tested.
Flying and driving modes are separately tested as shown in
Fig. 17(a) and (b), respectively. PID controller gains used for exper-
imental studies are listed in Table 4. PID gains are obtained from
empirical trial and error studies. In a practical system, control gains
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Fig. 22. Outdoor driving control demonstration.

are differently selected to improve the performance since the body
is not exactly symmetrical.

Firstly, Flymobile is commanded to fly in the sky as commanded
by the remote control through wireless communication. Initially,
Flymobile is on the ground, and moves up slowly, then maintains
for hovering motion at a certain height from the ground. Fig. 18
shows the hovering control demonstration on the roof of a
building.

The corresponding angle plots are shown in Fig. 18(b). Pitch and
roll angle errors are quite small and within +3° which means that
hovering control is well regulated.

6.2. Altitude control

Next experiment is the altitude control test. The desired alti-
tude is given as 1 m from the ground. Fig. 19 shows plots of angle
and altitude control responses. The distance from the ground is
detected by a sonar sensor. Flymobile tries to maintain the desired
altitude, but it shows oscillatory behaviors with the error bound of

+0.1 m. The corresponding roll and pitch angles are shown in
Fig. 19(a). Roll and pitch angle errors are within +3°. The roll angle
error is relatively higher than that of the pitch angle since the alti-
tude control shows the oscillatory behavior as shown in Fig. 19(b).
Fig. 19(b) indicates that the sonar sensor is located at about 0.15 m
from the ground of which the system height is 0.34 m. The rising
time to reach at the desired altitude takes about 3 s.

6.3. Trajectory flying control

Flymobile is required to accomplish the flying mission of fol-
lowing the commanded trajectory in indoor environment. Fig. 20
shows the video-cut images of following the trajectory given in
between cones. The operator controls the Flymobile remotely.

6.4. Driving control

The final experiment is the indoor and outdoor driving mode
test. Movements of Flymobile on the ground are controlled by
the operator though the remote controller so that desired trajecto-
ries are given by the remote controller. For an indoor driving test,
Flymobile is required to follow the line on the floor through a
remote control. Indoor line tracking demonstration is shown in
Fig. 21.

Flymobile is also tested for outdoor driving on the roof of the
building, of which surface is somewhat rough. Fig. 22 shows the
video-cut images of the actual driving control test of following
the circular trajectory from left to right. Although the surface is
somewhat rough, driving movements of Flymobile are successfully
demonstrated.

7. Conclusion

An interesting hybrid concept of a flying automobile has been
presented by implementing a small-scaled Flymobile from design
to implementation and control. Although Flymobile is driven by
motors instead of engines, experimental studies can demonstrate
the feasibility of a future concept car that can fly and run. Experi-
mental studies confirm that Flymobile can fly and drive as com-
manded by the operator.

However, there are still several problems to be tackled. For the
driving control, it is difficult for Flymobile to follow the desired
trajectory exactly because it is a velocity-controlled system. To
improve driving control performances, a braking mechanism for
the wheels is required to regulate velocity more efficiently. For
the flying control task, Flymobile should conduct missions such
as surveillance or carrying objects which requires a camera and a
GPS. Future research work should deal with aforementioned
problems.
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