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ABSTRACT

This study constructs the realistic aerodynamic
and wind database for a quadrotor and applies
disturbance observer based control (DOBC). The
wind-tunnel experiment measures six degree-of-
freedom forces and moments in various combi-
nations of wind velocity and wind directions -
90°~ 90°angle of attack and -45°~ 45°sideslip.
Computational fluid dynamics (CFD) at the ur-
ban field is applied to simulate a complex airfield
environment in severe weather conditions. The
simulator integrates a multidimensional lookup
table to simulate different environments that in-
clude the location of a quadrotor, time, and the
condition of wind. Then, the disturbance ob-
server based controller is designed with the sim-
plified longitudinal and lateral moment dynam-
ics of the quadrotor to compensate the nomi-
nal controller based on conventional PID control.
This study compares the performance of the dis-
turbance observer based control with that of the
PID controller through simulation and flight ex-
periment.

1 INTRODUCTION

Quadrotor systems are susceptible to disturbance due to
their trade-offs in mechanical simplicity compared to efficient
aerodynamic design as well as the complexity of rotor sys-
tems. In particular, wind disturbance is an important issue
for quadrotor safety and mission viability in the performance
of complex urban terrain and bad weather condition. In this
paper, a quadrotor aerodynamic database is constructed and a
control strategy for omnidirectional disturbance is established
by designing a disturbance observer. In a previous study on
quadrotor modeling and simulation, quadrotor modeling was
performed by calculating the thrust coefficient through motor
specification and thrust measurements experiment [1, 2, 3].
However, these studies has limitations, it does not reflect the
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dynamic characteristics of the whole region of the quadro-
tor and does not reflect the model characteristics for con-
trolling the disturbance. Therefore, for the precise model-
ing of the quadrotor in the simulation environment, this study
constructes a quadrotor aerodynamic database based on the
wind tunnel test. The wind tunnel experiment using DJI MA-
TRICE 100 was conducted by the Korea Aerospace Research
Institute (KARI). The aerodynamic test was performed under
varying wind speeds and measured with three components of
forces and moments and rpm. For more accurate modeling,
we used the DJI MATRICE 100 CAD modeling data and mo-
tion capture cameras to measure the mass moment of inertia
uses. In this paper, numerical simulation consists of multi-
dimensional lookup tables for acrodynamics data provided by
the KARI. The datadase consists of interpolated for a wide
range of aerodynamic data. In this study, to compensate the
limit of the PID controller, the DOBC is designed along with
the PID controller on the pitch and roll axis respectively. Dis-
turbance observer is a technique of observing or estimating
model uncertainties and their effects on the system. The dis-
turbance observer based control allows estimation by filter-
ing the data of uncertainty such as the external load of the
motor, friction force, and wind gust to compensate for the
disturbance. In this study, we analyzed the performance of
DOBC using numerical simulation. In addition, performance
analysis using a blower fan was applied to the quadrotor by
applying the DOBC. Finally, the performance of the distur-
bance observer was verified by calculating the RMSE (Root
Mean Square Error) using the flight data acquired through the
waypoint flight test.

Figure 1: CAD modeling of DJI MATRICE 100 and appara-
tus.
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Table 1: DJI MATRICE 100 Specification.

Structure
Diagonal wheelbase 650 mm
Weight 2355 ¢
Max takeoff weight 3600 g
Performance
Max pitch angle 35 degree
Max speed of ascent 5 m/s
Max speed of descent 4 m/s
Max wind resistance 10 m/s
Max speed 17 m/s (no Wind)
Hovering time 22 min

2 DJI MATRICE 100 MODELING

2.1 Measurement of mass moment of inertia

A prior study of quadrotor modeling estimated the mass
moment of inertia assuming a quadrotor’s prop and fuselage
as cylinders as shown in [4, 5]. However, this method is
difficult to obtain accurate mass moment of inertia due to
quadrotor geometry and mass distribution. Therefore, in this
paper, mass moment of inertia were measured through data
postprocessing using CAD design and motion capture cam-
era. For accurate measurement of mass moment of inertia,
fixtures were built and CAD models were designed with the
same material and size as the DJI MATRICE 100. In addition,
for measuring the mass moment of inertia on the roll, pitch,
and yaw axis, four motion capture cameras were used to con-
duct a pendulum motion experiment for two minutes. The
DJI MATRICE 100 model information provided by the DJI
Corporation is shown in Table 1. Table 2 shows the DJI MA-
TRICE 100 mass moment of inertia measured using a CAD
design program. Roll and Pitch axis mass moment of iner-
tia is around 0.05kgm?, and the Yaw axis is twice as large
as the other axes. As shown in Table 3, because the cross-
sectional area of the yaw axis is larger than that of the other
axes, the area and weight distribution are larger than those of
the other axes. For accurate experiment, DJI MATRICE 100
and fixtures were combined to measure mass moment of iner-
tia. In order to construct the experimental environment using
the motion capture camera, as shown in Figure 4, four Opti-
Track motion capture cameras were installed at the corners of
the cube profile structure and the camera focus was installed
60cm from the center of the ground. In order to record the
movement of the object using the motion capture camera, the
marker was attached to the center of the motor located at the
end of each axis of DJI MATRICE 100, and a masking tape
was attached to the top surface of the prop due to reflected
light during data acquisition. To measure the mass moment
of inertia, DJI MATRICE 100 was suspended from the ceiling
by connecting KEVLAR yarns of the same length as shown

Table 2: Moment of inertia results measured by CAD.

Axis DJI MATRICE|ApparatusDJI MATRICE 100 + Unit
100 MOI MOI Apparatus MOI

Roll|  0.05535 0.05147 0.10682

Pitchl  0.05784 0.06739 0.12523 kgm?

Yaw| 0.10667 0.11854 0.22521

in Figure 2. Experiments were performed for 3 times each
for 2 minutes with different lengths of lines. At the same
time, data acquisition and image capture of motion capture
camera were performed at the same time. The mass moment
of inertia is defined as a relational expression as shown in
Egs. 1-3 Figures 5 and 6 show two-dimensional graphs of
data acquired for vertical and horizontal axis movements us-
ing a motion capture camera. The highest points in the pen-
dulum motion are marked with a red marker to distinguish.
Experimental results show that I, values are close to those
calculated by CAD. The roll and pitch axis data using the mo-
tion capture camera shows a large error in each experimental
case due to the problem of the experimental method. In this
study, the mass moments of inertia calculated by CAD were
determined to be equal to the model coefficients of the actual
DIJI MATRICE 100. Also, the roll and pitch axes are the same
in consideration of the symmetrical shape of the quadrotor.
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2.2 Aerodynamic database

To construct a dynamics model, an aerodynamic database
was constructed using the wind tunnel data of the DJI MA-
TRICE 100 quadrotor performed by KARI. Equation 4 and 5
are the input and output formulas for building the quadrotor

Axis of Oscillation Axis of Oscillation Axis of Oscillation

X axis 5
Roll MOI Test Pitch MOI Test Yaw MOI Test

Figure 2: Roll, Pitch, Yaw MOI test axis
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Yaw MOI Test

Pitch MOI Test

Roll MOI Test

Figure 3: Measurement method of moment of inertia accord-
ing to flight axis.

== External Input Device
~—— External Output Device

Figure 4: Motion capture camera environment configuration

aerodynamic database. The input variables constitute the Eu-
ler angles ¢, 0, ¢ and the body frame velocities U, V, W and
RPM.

Xbody = Fn(,6,0,U,V,W,RPM,§RPM)
Ybody = F”(¢a9a% UvMWRPMa 6RPM) (4)
Zpody = Fn(¢,0,¢, U, V,W,RPM,0RPM)

L = Fn(¢,0,0,U,V,W,RPM,SRPM)
M = Fn(¢,0,0,U,V,W, RPM,sRPM) )
N = Fn(e,0,0,U,V,W, RPM,SRPM)

Because the motor input is different depending on the
flight status, the motor RPM must be calculated based on the
motor placement of the quadrotor as shown in Figure 7. In
Figure 21, the aerodynamic database is constructed for the
roll and pitch axes and is divided into blocks for each axis.
The force and moment are calculated according to the motor
command output. Each block receives the feedback of the

Table 3: DJI MATRICE 100 Sectional area.

Axis Sectional area | Unit
Roll (Side) 0.0309

Pitch (Front) 0.0309 kgm?
Yaw (Top) 0.0848
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Figure 5: Peak value recording for directional axis pendulum
motion

Time vs. X vs. Z

ZPos fom)

Figure 6: 3-Dimensional graph of transverse pendulum mo-
tion

state variables of the quadrotor, performs the calculation, and
outputs the force and moment.

Figure 23 shows that the force and moment are con-
structed as a multi-dimensional lookup table according to the
wind speed. The point outside the reference flight speed is
calculated using interpolation. As a result, the aerodynamic
database consists of a triple structure and the data for each
axis is coupled. Therefore, the output results for each axis
must be assigned to equations 6 and 7. Finally, the calculated
force and moment are substituted into the quadrotor 6-DOF
equation to yield the flight states.

Xpody = Xg + Yy

)/body = }/9 - X¢7 (6)
Zbody = (Z0 + Z¢)/2

Lo = Lo+ Ly

Moy = Mg — My @)

Nall = Na + N¢

3 BUILDING A SIMULATION ENVIRONMENT
3.1 Quadrotor Dynamics Model

Figure 8 shows the fixed coordinate system of the quadro-
tor. We set up the kinematic coordinate system considering
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Figure 7: RPM coupling method

Table 4: Average Calculation based on RPM location.

Longitudinal RPM Average Calculation|Unit
Front RPM(1,2)| (RPMI1+RPM2)/2 0
Rear RPM(3,4) | (RPM3+RPM4)/2

Lateral RPM Average Calculation |Unit
Right RPM(1,4)| (RPM1+RPM4)/2 0
Lest RPM(2,3) | (RPM2+RPM3)/2

DIJI MATRICE 100 based on the X quadrotor frame. The
state equations are defined as follows.

U vr —wq + gsiné Kbody
0 | =| wp—ur—gsingcosd | + | Yioay | /m
W uq — vp — g cos ¢ cos 6 Zvody

®)
Here, the velocity state equation represents the accelera-
tion on the center of mass of the quadrotor.

(IZZ—I?H/) q,r.

D L/Ixac (1 Iﬁz] )
g |=| M/L, | — I )
T N/Izz (Iny:zIrI)pq

The angular velocity state equation shows the roll, pitch
and yaw changes taking into account the mass moment of

Figure 8: Quadrotor frame of reference

inertia, angular velocity and moment generated by the motor
and the prop.

(2:5 1 tanfsin¢g tan6fcos¢ P
0 |1=10 cos¢ —sin¢ q
") 0 sing/cos® cosgp/cosb r

(10)
Equation 10 is the kinematics between the Euler angular
rate and body rate.

3.2 Nominal Flight Controller

In general, the flight controller uses proportional, integral,
and derivative control. The attitude controller provides the
angle, position and angular velocity of the quadrotor to in-
crease the safety of the quadrotor system by the P-PID struc-
ture. The altitude controller is based on a PID controller. The
position controller is based on a PD controller.

& = {U;(cos ¢psinf cos ) + sin ¢psinyy) — Kyd} /m
iJ={U;(sin¢sinf cos — cos ¢sinyy) — Koy} /m
Z={Ui(cospcosy)) — K32} /m—g
(1D
In equation 11, K, K5 and K3 are the proportional gain
in the attitude control loop.

uy = O = (+0QF + Q3 + Q3 + QF)
uz = dan = (—QF + Q3 + QF — 0F)
Uy = bue = (—2 — Q2 + Q2+ Q2)

(12)

The control input is shown in equation 12 and means the
RPM command for each motor. ¢y, 041, Ocie and &,,,q are
the virtual control input of the quadrotor by mixing the com-
mand values from the controller in Equation 12. wq,ug, ug
and uy4 are the RPM.

Based on the X-shaped quadrotor shape as shown in Fig-
ure 8, the command is transmitted to the motor through the
control mixing by the roll, pitch, yaw and altitude commands.

3.3 Disturbance Observer Based Control

Many controllers are designed based on the mathematical
modeling of the system to be controlled [6, 7, 8]. Most con-
troller are designed assuming no disturbance or are designed
with worst-case assumptions. If disturbance exists, there is
a possibility that the system becomes unstable because the
nominal performance cannot be maintained and follow-up er-
ror occurs. There is a disadvantage in sacrificing desired con-
trol performance such as fast and accurate tracking perfor-
mance in the absence of disturbance. However, most real-
world systems do not fit mathematical modeling, and addi-
tional disturbances that are not taken into account from ex-
ternal environments are often applied to the system. These
uncertainties can degrade controller performance and make
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the system unstable. In this paper, we propose a robust con-
trol method that stabilizes the system and guarantees the con-
trol performance even in the presence of model uncertainty
and disturbance. The DOBC (Disturbance Observer Based
Control) was designed by combining with the PID controller.
The DOBC is a technique for observing or estimating the ef-
fect of model uncertainty and disturbance on the system. It
can be estimated by filtering data with uncertainties such as
disturbance due to an external load of the motor, frictional
force, gust and incomplete dynamics. The DOBC can com-
pensate for these uncertainties. In addition, it can be designed
by patching on the existing controller, and it is possible to
guarantee the performance of the existing controller by com-
pensating the disturbance. The DOBC depends on the design
of the Q-filter, which is the nominal dynamics that the de-
signer desires to model an uncertain system. There is a nom-
inal performance restoration characteristic when there is no
disturbance by deriving an additional control input in case of
disturbance. And the controller technique provides robust-
ness and adaptability. The DOBC block is shown in Figure 9.
C'(s) has a basic PID structure as shown in equation 13.
K I K DS
Cls) = Kp + s +Tfs—i-l (13)
Here, the PID controller is created through MATLAB
Simulink, and T is set to 1 at this study. The disturbance
observer is the key to the estimation input given to the real
model and the inverse model. Knowing the exact P(s) is dif-
ficult, the nominal model P, (s) can be obtained. Therefore,
if the output of the model and the control input are given,
we estimate the disturbance so that the DOBC compensates
it. The Q-filters filters the noise and makes a proper transfer
function of P, (s)~!. The control input shown in the DOBC
structure can be expressed as in equation 14

u=1u+(yp— 1) =a—d (14)
_ 1 _ .
U = U+ Ufiltered — J—$2.filtered =U+Yp —Up (15)

Where « is a nominal control input from the PID con-
troller. The difference between the filter control input y5 and
the control input s, which includes the effect of the distur-
bance estimated through the inverse nominal model. Nominal
model equation and attitude transfer function are represented
in equations 16 - 17. Equation 18 shows the nominal model
transfer function about roll control.

L=Jpd (16)
L= o — (o — Jyy )00 (17)
1

The Q-filter plays an important role in the DOBC for ro-
bust state and estimate disturbance. Q-filter should be de-
signed to have at least the same relative order of nominal dy-
namics as shown in Equation 19.

ao/7?
s2+ (a1/7)s + (ap/72?)

Qa(s) =Qp(s) = 19)

Among the filter parameters, A determines the accuracy
of the disturbance estimation as an adjustable parameter. The
smaller the )\, the better the transient response state, but the
system may become unstable. The advantage of the DOBC is
that it works only in disturbance situations and provides ac-
tive anti-disturbance control with adaptability and robustness.

4 NUMERICAL SIMULATION

Comparing the case with and without the DOBC, the at-
titude and position tracking performance were analyzed by
calculating RMSE (Root Mean Square Error).

Paist = 7cos(t) (rad/s?)
Gaist = Tcos(t) (rad/s?) (20)
Faist = 5cos(t) (rad/s?)

In Equation 20, the disturbance is applied to the pitch,
roll, and yaw axes and multiplied by the mass moment of
inertia to affect the moment equation. Figure 10 shows the
simulation result using the PID controller. The X position
cannot follow the position command after 40 seconds, and the
Y position does not follow the command for the entire time
domain. Figure 11 shows the result of the thrust command
and

RPM using the PID controller. The thrust command
shows slow response and the noise mixed in command.

Figure 12 shows the result of the simulation performed
by combining the PID controller and the DOBC. Unlike the
results by the PID controller, it can be seen that it follows the
attitude and position command well. As shown in Figure 13,
the RPM control also compensates for the disturbance esti-
mated by the DOBC, while the noise is also reduced com-
pared with the PID control while applying appropriate thrust
command.

Disturbance Observer

Figure 9: DOBC configuration
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Figure 11: Simulation result - RPM (PID Controller).
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Figure 13: Simulation result - RPM (DOBC Controller).
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Table 5: Simulation RMSE results comparison.

RMSE result (PID) RMSE result (DOB)
Phi (Degree) 0.1676 Phi (Degree) 0.1290
Theta (Degree) | 0.1920 | Theta (Degree) | 0.1624
Psi (Degree) 0.2827 Psi (Degree) 0.1493
X (Position) 42.2538 X (Position) 24.2384
Y (Position) 64.4534 Y (Position) 6.2603
Z. (Position) 1.3536 Z (Position) 1.3455

In order to numerically analyze the simulation results of
the two control methods, the RMSE was calculated based on
the simulation results. From the RMSE results, it can be seen
that the simulation results using the DOBC against the atti-
tude and position commands are improved than those using
only the PID controller. The main tuning parameters of the
DOBC were obtained numerically. The flight test was per-
formed based on the DOBC variables obtained from the sim-
ulation.

5 FLIGHT TEST
5.1 Manufactured Quadrotor

The UASG-DOBC-Quadrotor shown in Figure 14 was
developed so that aerodynamic modeling based on the aero-
dynamic data measured through the open wind tunnel exper-
iment and aerodynamic characteristics is similar to the ac-
tual quadrotor. The FCC (Flight Control Computer) equipped
in the UASG-DOBC-Quadrotor is Pixhawk Cube and the
firmware is Ardupilot. The DOBC was combined with the
PID - based attitude controller implemented in Ardupilot. We
implemented the function to enable the DOBC according to
the pilot command on the ground. The main control parame-
ters of the DOBC were remotely modifiable in GCS (Ground
Control System).

5.2 Performance Measurement Experiment of a Blower Fan

A blower fan produces disturbance environment. When
flight tests are performed indoors, GPS accuracy drops.

Figure 14: UASG-DOBC-Quadrotor.

Therefore, the experimental environment was constructed as
shown in Figure 15. The blower fan performance test was
carried out using the climate measurement equipment to con-
firm the exact wind speed performance according to the dis-
tance. The measurement results are shown in Figure 16. The
maximum wind speed was measured to be 14.6m/s and the
wind speed decreased at a constant interval as the distance
increased. In this study, the quadrotor will enter the distur-
bance path at a distance of about 2m from the blower fan, and
then the attitude and position response of the quadrotor will
be checked according to the control method.

5.3 Flight Test

In order to verify the performance of the DOBC before
the waypoint flight test, a control performance experiment
was performed using a blower fan. The test method is shown
in Figure 17. In order to simulate the disturbance environ-
ment, the horizontal and vertical winds were implemented.
The design variables of the DOBC were tuned through this
test. Among them, when the 7 is greatly reduced, the quadro-
tor itself oscillates even though it is not affected by the distur-
bance. After tuning the DOBC, we carried out the flight test
using the dummy weights and finally performed the waypoint
flight. As shown in Figure 19, the flight test using the dummy
weight was carried out in three ways. Figures 24-27 show the
flight test results for Method 3 among the flight tests shown
in Figure 19. The flight test was conducted by disturbing the
quadrotor by a person on the ground when hovering at an al-
titude of 4 meters. In order to have a periodic disturbance in
the quadrotor, a person on the ground periodically pulls the
string strongly. Figure 26 and 27 show that the DOBC as
a whole greatly reduces the noise and follows the command
value. Here, we can see the structural limit of the quadrotor.
It can be seen that the yaw axis control force is insufficient
due to the disturbance generated on the roll and pitch axes.
Therefore, it is necessary to increase the control force on the
yaw axis by rotating the motor thrust vector direction of the
quadrotor in a future study. Figures 28 are the flight path re-
sults from the waypoint flight. As shown in Figures 19, the

Figure 15: Performance measurement experiment of a
portable blower fan.
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15 cire  TIP-600S-1 Performance Test Table 6: Flight test RMSE results comparison
i x\g‘g,um
\ Contents RMSE result (PID) | RMSE result (DOB)
1ol 310 |
ﬁm Tt 5D Method 3 (Using Human Force ) RMSE
z 66.7) (767 1
8 A Phi rate 03137 0.2570
> 5- Maximum = 14.6m/s o (845) {945) 1 (deg/sec)
i e Theta rate
(deg/sec) 0.0659 0.0681
VLA I T Yaw rate 03076 03210
Meter(m) (deg/sec) ) )
) ) Phi (deg) 0.4245 0.2772
Figure 16: Blower fan performance test. Theta (deg) 01013 01067
Yaw (deg) 0.5534 0.5032

Waypoint Flight Test RMSE

o= " Phi rate
2m Position Hold Mode
M\ W oone o :fth? (deg/sec) 0.1069 0.1032

Position Hold Mode Theta rate

5m 0.1163 0.1094

Flight Mode |: Loiter Mode 3.18m (deg/ SCC)

Stand Way Point Mode 40 Yaw rate
Height: 2m : 3g:§g;‘, 3.8m (deg/sec) 0.3472 0.4499
Phi (deg) 0.1977 0.1882
Figure 17: Flight test method using blower fan. Theta (deg) 0.2705 0.2408
Yaw (deg) 3.6156 3.5352

waypoint flight test was performed by attaching the weight to
the quadrotor landing gear as shown in Method 2.

As the quadrotor moved, the weight tied to the line caused
a moment in the quadrotor by pendulum movement in an un-
expected direction. It can be seen that the DOBC follows the
similar flight path by applying the DOBC even if the weight
disturbance occurs. The RMSE (Root Mean Square Error)
results for flight tests are shown in Table 6. From the angu-
lar velocity and Euler angle results, it can be seen that the
error is smaller when the DOBC is applied. However, the
lack of control yaw axis can be seen in waypoint flight test
case. Therefore, future studies will improve this problem and
proceed with the waypoint flight test.

Method 1(Using Fixed Bar) Method 2(Using Weights) | Method 3(Artificial Torque)
- DOBC On - DOBC On - DOBC On
- DOBC Off - DOBC Off - DOBC Off

- 1.4m

Figure 19: Flight test method with slung load uncertainty.

Figure 18: DOBC performance verification flight test
method.
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Wind Speed : 4m/s
Direction of the wind : northeaster

Figure 20: Waypoint flight path.

6 CONCLUSION

Simulation and flight tests manifested that the PID con-
troller in disturbance environment has limitations and is im-
possible to keep robust control. In addition, when the DOBC
was applied, it was possible to control the airframe by com-
pensating the disturbance with uncertainty. The DOBC
showed better performance in a strong disturbance environ-
ment. Such as slung load, artificial wind, and human interac-
tion. Thus, the DOBC could effectively compensate the dis-
turbance and increase flight stability of the quadrotor system.
Future work DOBC will be done by patching on the position
controller. And we propose a collision avoidance algorithm
using DOBC using relative navigation and collision avoid-
ance algorithm in a disturbance environment implemented in
a room.
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APPENDIX A: AERODYNAMIC MULTIDIMENSIONAL APPENDIX B: FLIGHT TEST DATA
DATABASE
Time vs Angular Rate - DOB Off
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Figure 23: Aerodynamic database based on speed
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Time vs Angular Rate - DOB On
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Figure 25: Method 3: Angular rate DOBC ON.

Time vs Attitude - DOB Off
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Figure 26: Method 3: Attitude DOBC OFF.
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Time vs Attitude - DOB On
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Figure 27: Method 3: Attitude DOBC ON.
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Figure 28: Waypoint flight: Path DOBC OFF / ON.
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