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Stability Augmentation of Attitude
Control System for Quadrotor

*Gilar B. Raharja, Gyoubeom Kim, Idris E. Putro afd.Yoon
Konkuk University, Gwangjin-Gu,Seoul 143-701, SoKtirea

ABSTRACT

Autonomous quadr otor isone of the challenging research
area in aer ospace and control technology, and it is one of
the most reliable. This paper presents an MAV we have
developed, a mini quadrotor vehicle completed by the
stability augmentation system (SAS) system for indoor
flight application. Regarding the role of the control
parameter and observing the performance by the
developed quadrotor dynamic model and simulator, the
SAS determined to be used as the control system for
attitude hold combined with rate damping system of roll
(@), pitch (0) and yaw (w). The autonomous system
supported by simple hardware configuration and
sophisticated software as a ground control system for
monitoring and telecommand. This results a quadrotor
vehicle that reliable to hover and able to implement the
next level of control and navigation for indoor
application.

Keywords: quadrotor, autonomous system.

1 INTRODUCTION

Quadrotor vehicle is one of the most reliable MAdf f
flying robot application. The mechanical structute flight
dynamic and the required control system are simipi@n a
helicopter and it is more robust indeed. Based lesd
considerations, we designed this autonomous vehizle
implement as flying robot that able to do some missn
indoor environment.

The quadrotor shown in figure 1 used as a platfom
implementing control system designed based on étieat
approach. A quadrotor is an unstable vehicle, riéigiired at

least a rate damping system as a minimum control

application. Without installing any control systethe pilot
cannot fly the vehicle manually. So, the very basintroller

We implement multi-loop control system for stalyilit
augmentation system for the attitude control syqumit is
consist of inner-loop control system that the oaointr
parameter set up satisfied by tuning and a modeding
simulation based control as the outer-loop consgatem.
This paper will discuss about the optimization Hesé the
combined closed-loop control system. We propose thi
stability augmentation system can be reliable fa basic
quadrotor control system.

In [1], the attitude position controller was wedéeloped,
in this project; we try to use the stability augitagion system
as the first and basic control system that shoudd b
implemented in a MAV before other control or guidan
system. The quality of SAS will be determined thieole
performance of the vehicle.

2 QUADROTOR DYNAMICSM ODEL

The simple concept of quadrotor dynamics moticonis
of the reason we choose it for studying of control
implementation in MAV. The main motion factor ietfour
cross configuration rotor’s speed; the motion candried by
changing it. The equations of quadrotor motiondeecribed
by the equation (1) — (6). [2],[5].[7],[12]

Ts
, s
St
q, 0
P,
e -,

should be implemented to acquire the flight data fo

validation and simulation.

Figure 1. Quadrotor vehicle
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X
Figure 2. Quadrotor Dynamics [6],[8],[10]

Figure 2 represents the dynamics involved in the
quadrotor. By increasing all rotors’ speed; (Q, Q3 Q)
together may add more lift forces of all motorg TZ T3 T4)
and vertical dynamics translatiaf) ( In other words generate
the same thrust form the all propellers.

. (—=mg+ (cosg * cos0)(Tyora) — k) (1)
2= m

Two rotors €, and Q3) are rotated clockwise and the
others 2, and Q) are counter-clockwise. Based on this
configuration the yawing motiomr,(y) can be produced by
making all the counter-clockwise rotors greaternttthe
clockwise. With the assumption that the each fomugt are
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equal, then the yawing motion can be assumed bk staen

though the whole dynamics of quadrotor are an bista , = Ks,,, * Scor — (¢K+ Kspoq * 5ped)_ (6, + K., * S1ar)

system.

p =L(—T1 +T, — Ty + Ty —ky) )

IZ Z

Generate variation of thrigandT; oppositely by varying
(Q; andQ3) can produce pitching motiom,(#). The same
way is applicable for horizontal translation fornfard and
backward motioni).

b= L(-Ty—T,—T: + T, — kp) (3)
Iyy

. (cose * sinB * cosy + sing * sin) (Tyorar) — kx
X =

" @)

The rolling motion §, ¢) can be created by generate 7 N

variation of thrusk,and T, oppositely by varying(, and
Q). This is also applicable for horizontal transiatior
shiftingto the left and to the righ’).

.. L(_Tl T, +T3 =T, — k¢) ®)
¢ = 1
XX
. (cos@ *sind = sinh — cos@ * cosyp) (Teorar) — ky
y =

m

(6)
Where:

m :total mass

L :distance of propeller to the center
I;; : moments of inertia

k; :drag coefficient

L

3  CONTROL SYSTEM

A. Main Control Block

Implementing the control input using standard logdter
joystick radio control which are at least consistfour
control parameter that apply as vertical contrdl,.(),
longitudinal cyclic §,,,,), lateral cyclic §,.) and directional
control ¢,..) is the first step. The input sensitivity regutate
by: s, . Ks., + Ks,, and k, for satisfy a certain
maneuverability.

Thus, the system inputs are:

long

up = K5 % 6 + (l/’,( + Ko, * 5ped)

+ ((pk - K5zang * 5long) (7)

U, = Ks,, * Scot — (IPK + Kspeu * 5ped)
+ (6 + Ky, * Siat) (8)

Uz = KSCDL * Ocor + (¢x + K§ped * ped)
- ((p" - K‘slong * 61071!]) (9)

JULY 6-9, 2010, BRAUNSCHWEIG, GERMANY

(10)

where:
¥,; 9.0, . the outputs of attitude control loop.

B. Inner-loop Control System

The first control algorithm that we implement issm in
the figure 3,the system consist of damper andudgiholding
for the roll, pitch and yaw. The control linkageépresenting
the devices that linking the control output to tty@amics or
the vehicle in certain of constants [4]. In thisrwédase
controller, the reference is zero or the equilibridue to the
hovering mode of the quadrotor. Experiment to deiee the
control parameter is done one by one for the alinber of
SISO from the inner loop to the outer.

re Flight Control
Control Linkage

Gyro Rate
Attitude
Hold
4-47Eu ler Angle

Figure 3. Inner-loop Control System

90
p.a.r

Quadrotor
Dynamics

>
»

Firstly we implement the proportional control simpl
described by equation (11) for the damper, théizutg the
rate gyro sensor data to stabilize the angulaimagach three
axis.

CD(S) =g.*k, (11)

It is implemented in each angular rgbeq, r), in this term we
are dealing with the maneuverability of the vehicléhe low
damping ratio will keep the vehicle in frisky urista system
otherwise the vehicle will be sluggish.

The next step is implementing the PID controller thee
attitude holding described by equation (12), fer tbll, pitch
and yaw.

Can() = (0,7() = 0()) (ky + /s + ko) (12)

Combining as simple summation of equation (11) @ra),
results the total inner-loop control (13).

C(s) = Can(s) + Cp(s) (13)
Where:

¢,(s) :rate damping controller

g, . rate gyro

k, . proportional gain for rate damping

¢, (s) : attitude holding controller
0,..(s) : input reference

e(s) :current position
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k, + ki/s + kys  : PID gain for attitude holding

c(s) :total control output

C. Outer-loop Control System

We use another control loop to improve the perforeeaof
the attitude control system rather than add monénguto
avoid any mismatch units of parameter's value aftex

modeling. The figure 4 shows the implemented desifjn

SAS in the modeling of quadrotor, which also reprts the
integrated on board controller.

References

PID_roll
Po{eroll dsas_roll
Ref —p > X
dlat |—pw{" 1
Temninator -
PP PID_pitch
Zeto Ref (T )—{StateFedd 3 lenitch
P cpi
StateFedb o_states » dlon —>
Ref »|Ret » dsas_pitch
Eror Mechanism P evaw
e dsas yaw
PID_yaw

Figure 4. SAS on Quadrotor Modeling

To prevent the sideslip, incidental position changed
oscillating during the hover, we implement the d&egion
damping system using the acceleration data fromthree

axes of accelerometeri(y,Z). Some angle adjustments

described in equation (14)-(16) are necessary téenm
correction to the sensor value due to the gravfgce

X = %—sin(0) (14)
y= J+sin(p) (15)
7= Z— (cos(0) * cos(p)) (16)

The whole control loop is presented by the figurehe
guadrotor dynamics is now an integration of thesmioop
control and the natural dynamics itself.

0.0,y
Inner-loop v
. X,Y,Z
Flight Controller y >
Control p,q.r
A\ A 4 QuadrotoDynamict >

e
Damper

Acceleration
Damper

Gyro Rate

Attitude
Hold
Euler Angle

Figure 5. Outer-loop Control System

4 HARDWARE CONFIGURATION

INTERNATIONAL MICRO AIR VEHICLE CONFERENCE AND FLIGHT COMPETITION 2010

control system is driven by anAVR 32-bit MCU thaieoates

in 16MHz of system clock. We make data acquisitipstem

for acquiring six degree of freedom sensor data KA3300
AHRS at 60-70Hz of average sampling rate and flight
controller system (FCS) process the control algoritand
generating PWM through the four channels for thar fo
electronic speed controllers.

Figure 6 represents the configuration of experiletest
for quadrotor system. The control mode configucebe able
to control by manually and autonomously by the gbu
control system through the 2.4GHz of RF modem toicav
risk of damage due to crash or disordered motion.

The wireless data communication make easier tohdo t
experiment for set up the control gain parametasyE
connect the vehicle to the PC that running the kitou
controller without complicated cabling. This configtion
reduces the limitation of the vehicle’s motion dgrithe
experimental test rather than using wire connecfite two
ways communication between the data RF modem ehable
The vehicle sending the flight data continuously #me PC
sending the command due to the parameter set uygeba

Flight
Control
System

PPM RC

Receiver

Ground Control
System (PC)

Figure 6. Schematic of Hardware

The FCS also has ability to auto lock the commapdtiin
the standby mode as a safety system, then alreaddygeive
some special command input as a password to unlock.

A 1500mAh 11.1V Li-Po battery used to drive all the
electronics and the four 2500rpm/V DC-brushlessonsmt
proper for seven minutes of flight time. The bitteealth
system in the FCS can prevent the uncontrolledatitn
when the power goes down or exhausts during tgbtfand
will make the quad-rotor automatically landing.

5 EXPERIMENT RESULT AND ANALYSIS

Experimental test using the base control done in a
quadrotor test-setup in indoor environment fors$gitng the
requirements to collect the flight data for modgliand
simulation. The modeling and simulation built in a
Simulink/MATLAB platform to observe the performanoé
quadrotor and to determine the reference modelstrentble
of each control parameter.

A. Flight Data
Figure 7 to 9 we present the gyro rate data thdbpe the

The propulsion system is using the X-UFO bladeate damping response, figure 10 to 12 represeat th

propellers and brushless DC motors assembled oveits
stiff design of the mainly carbon-fiber airframeheT flight

JULY 6-9, 2010, BRAUNSCHWEIG, GERMANY

performance of the SAS in the attitude control cese of
roll, pitch and yaw-axis with SAS implemented.
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Figure 12 flight data of yaw attitude hold response

B. Analysis
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running, a measurement device should have highuémzy
and large bandwidth to overcome the effect.

The attitude parameter control is success afteresorm
additional tuning. To see the performance in théude
control, we made changes of the set point in 2 et=gr
seconds in roll and pitch-axis to analyze the raspof the
control. The small changing value is considering th
limitation of the vehicle to be tilted that will aged it move in
fast. Some oscillation occurred in the 2 seconder af
changing, but in the end, the closed-loop contrakes the [3]
output follow the set point. During the hover, sosreall
oscillation also occurred caused by bad sensormtatkage
and some unexpected environment disturbance. lestile [4
quadrotor remains the sideslip motion that drive tkhicle
to any arbitrary direction.

In the yaw-axis we changes in 11 degrees of headilLﬁj
reference. In the graph, it shows almost the sasmpanse
trend as the other attitude control response. T@itude of
oscillation is more significant rather than thel mid pitch, [6]
because according to the dynamics the yaw-axisoises
than the others are. Nevertheless, in case thempltch-axis (7]
has unstable behavior, sometime it makes some mistithe
yaw-axis.

[2

6 CONCLUSION [9]

The quadrotor is already built and available witte t
experimental set up in the hardware and the softwar
platform, including quadrotor dynamic model. Thesé [10
things are necessary to observe the performanctheof
quadrotor and determine the control roll and tegbai The
SAS is very important part before implement ottrartool or
navigation for develop an unmanned quadrotor aeelaicle.
In this paper, the implemented stability augmeatatiystem [12
satisfied by the experimental test in an indooriremment
and it makes the quadrotor possibly to use in apor
application. Some improvements are necessary toeftuore
the next level of control proposed, considering sdattors
including the sampling rate of the measurementadewpeed
of flight control processor, gain scheduling based the
flight mode and the additional control technique.
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