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Abstract controller, thus reducing computation time[7].

In this papera thoroughsimulation study is performed and As seenn the above a flight controlldrasedon a single
analyzed for practical control of a quadrotor. After a technique such as PID does not show a good performance
systematic construction of a control system, linear ancother than a given flight condition.

nonlinear techniques are compared to see their performanc
on position control of a quadrotdn the simulation heading
hold and headingarying commands are tried anthe
feedback effects of Euler gular rates and body ratarealso
examined Finally an effective technique folong distance
guidance is proposed

In this paper thus a thorough simulation study is performed
and analyzed for practical control of a quadrotor. After a
systematic construction of a control system, linear and
nonlinear techniques are compared to see their performances
on position control © a quadrotor. In the simulations
headinghold and headingarying commands are tried and the
feedback effects of Euler gular rates and body ratare also
examined. Finally an effective technique for long distance
guidance is proposed.

Recently more and more quadrotors (or multicopters) are

adopted to various applications. To perform safe anc

satisfactory missions a good flight controller should be QUADROTOR DYNAMICS

designed. First a brief survey on quadrotocontrol is
described and then quadrotor dynesnand control structure
are discussed. After the controller is set various situations ar
simulated and analyzedn the literature several techniques
such as linear, nonlinear, learnibgsed, hybrid schemes are . ) S, )
used to control quadrotors. As linear teicjues PID or PD ab‘out, & -axis, one gets -rame (@ fe>fce, unit vectors
controller is most used and Linear QuadraticO schemes 9 B,0P), and by rotating frame through pitch angl—

often used. Those linear techniques, in fact, are good enougabVOUt, o -axis,_ one gets 2—f_rame (@ Feré> , unit vectors
for most ofquadrotor control [1]. # B,0p), and finally by rotating Zrame through roll angle%o

. ~ about ¢ -axis, one gets -Fame (& FF¢> , unit vectors
Bouabdallabkt al. showed that botdID andLinear Quadratic & &9, which is equal to the bodixed frame ¢ FéFéd

technigues work welbn the control of indoorwpdrotor under
some disturbancfk2]. Li et al. used”®@ and Model
Predictive Controlto stabilize attitude and position control
under weak wind§]. Since quadrotor dynamics are inherently
nonlinear, several nonlinear techniq@ee tried.Bouabdallah
and Siegwart showed that &cksteppingand sliding-mode
techniques carbe used tacontrol a quadrotor indoor under
some disturbances[4].Fang et al. combinedbackstepping
with an adaptive controller to deal with model uncertaarig
disturbance reducing out put s’
steadystate errors[5]Feedback linearizatiotechniques first
linearize the nonlinear parts of the quadrotor dynamics an
adopt linear control for the linearized systefendoul et al.
showed tht feedback linearization is able to control a
guadrotor in several flightests[6]. As a learningbased
technique, Efe used neural networks to simplify PID

INTRODUCCTION

In this section simple quadrotor dynamics are introduced
using convetional Euler angles [8]First we consider 4
frames shown in Fig. 1.By rotating the Earttfixed
framg(@ FGFE , unit vectors & p¢p) through yaw angle

unit vectors & efop).

(o]

Figure 1: Relationsips between frames by Euler angles
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To derive quadrotor dy nami cThese equations can be used in giving heading commands. a
torques by each motor ¢(Ft as shown in Fig. 2ZThenthe

. . . If the bodyfixed frame for a quadrotor is a principal axes
forces driven by motors and gravity are gives as

system then the rotational equations of motion are given as

Thrust ®  "OCP (2.1)  follows
Gravity | "® @ "((® (2.2) B —ni -1
wherg & O r) 0 (B Therefore the translational r'] Pfo—t (2.6)
equations of motion are given as
ip OCP g (® (2.3) o —ni -t
whereld & b « b ¢ (P is the position vector from the Where
origin of the EartHixed frame to the center of mass of the Rolling torque t¢0 2.7)
guadrotor.
Pitchingtorque T+ ¢O O (2.9
front
Fy, 15 -\ Yawingtorque T t t T T (2.9

And the relationship between the angular velocities in the

@ l | / body frame §mf  and the Euler rates are given as
l &

% p OBROAL AT%OAL n

left ! right _ n Al OB n (2.10)
fum N r 1 OBAOAA AT%OAA
back ®
Fp, Tp NONLINEAR CONTROL OF A QUADROTOR
Fy For thecontrol of a quadrotowe first consider the attitude
A sseaitiveecil 4,."' . control and the position control is then designed based on it.
T("’ T B For the attitude control |et’
f't) e £ b7 their rates are small then one can assume that the following
B - | positive pitch ¢ holds.
positive yaw v %o N
; — N (2.1
Figure 2: Forces and torques by motors [ :

Then the rotational equations of motion can be expressed as

Then the equations are resolved as follows o 4 T
i o C OFTOE% Alr OdAT%) — —— % —1 (2.12)
i C ATOB4E OFTOETAT% (2.4)
r %— —T

¢ aC "OAT-AT%
For the attitude control one can use a stéidecontroller as

follows
These equations can be expressed as follows using the rotati \ o
betweerthe Earthfixed frame and frame. %o ——— -1 QO % O % %
i d" A-r’( S OFl m CO E—TAAI %0 . % —t o 0 _ - (213
e OFT Alrd m "CO E%b
¢ T Tt p a&°C TOAT—AT% 0 0 0 i
oo oL . P : 3
A”P ~Q_ H’I T IU‘ [ —0 %— "(')T o7 o7
OF I ir>omlae (2.5)
T Tt p |1 ¢
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Since fMA are available from the gyros one csiill use ¥,z
them to eliminatéhe nonlinear terms as follows B 9,2 Z.g#‘/
NN
T kD 0% 0 % % D 0ni v,
Control Ts
T k ‘0 TO - TO - - O r)l r] (2.14) Attitude Torques
o _ X, ——3]| Position “: | comma b > for Lo
t k 00 [ o [ [ 0 "()r‘] r,] l Control | #, |ndsand 0, Attitude | 7, | Quad
. o . . Y Thrust Control rotor
Or one careasily feedbacknfmh if the maneuver is not so . “ | control |_F R
big as follows ¢ 7
T kKO O/ 0 % % 0 ORI Figure 3: Structure for multicoptecontrol
Ttk /g © — — D 01 (219
o L In case the heling command is not held zero burys it can
t ko i1 O 71 T D DA

be handled as followg\fter rearranginghe equation (2.4)
For position control we first assume that the heading is held il

. e ALK T o
the North direction, i.ef 1 Then the equation (2.5) is u Alrd> ORI OE-AT%2 (2.22)
given as follows w OF 1 AlrD -0 B%
o — OEAT% use PD control (2.17) as follows
o - OBk (2.19 ¢ Air5 01 —OEAI% ¢
o o 0BT AIrS P, 6 -(2.23)
& C —-Ai-Gi%
Now the position control igperformed by PD controller as Or
follows _OER T % Airs> OF1 6
) — OFAI% k Qo Q & o ko —O0B% OFT Airdo
w — Ok ©c¢ © ¢ @ ko (2.17) 6 Air”™ o OF1 . 6 e (2.24)

o 6 OF 6 Alro% 6 e
¢ R AI-ATRK ¢ 0 ¢ ¢ ko Thus the pitch and roll commandan be computed as follows

That is, feedback linearization is accomplishgd %  OA: he OA) — | (2.25)

- (2.18 This technique can be used for arbitrary heading commands.
6 —0 A% (2.19)
6 6 ¢ OAL (2.20) SIMULATION OF ATTITUDE CONTROL

Thus the pitch and roll commands for position control can be!n orderto see the performance of attitude coriémlve adopt
PD controller ofthe equation (2.14) implementing MATLAB

given by oo ) . .
Simulink as follows (Fig. 4.) For the simulation the
% OA\ —— h— OA— (2.21)  parameters in [9] are used.
Then the systematic controller blockliagramis given as Parameter Values
follows m 2.3536 [kg]

0.1676 E Cu

(@)
0 0.1676 E Cu
0

0.2794 E Cu
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Figure 4: Attitude control of multicopter

In the simulation wo sets of control gains were tried as
follows.

Gains Simulation1 Simulation 2
n,0,70 100 16
n,0,70 16 4.8

Pitch and roll responsés Fig. 5.are good enough and yaw
response is also good though a little overshoot. With a set ¢
big gains the response times are within 0.5 seconds, whic
seem fast enough for the translational maneuver of i
guadrotor.
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Figure 5: Simulation results of attitude control

POSITION CONTROL WITH NONLINEAR SCHEME

For the position control we need to implemémt equations
(2.17) and (2.21), which was done using MATLAT Simulink
as in the following figire.
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Figure 6. Position control blocidiagram for multicopter
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In the simulatior(Fig. 7.) the altitude and heading commands
were set to zero an®@ pi AU ¢l . The position
commands were accomplished irsdcond and the heading is
kept zero.The next simulation was done with the heading
command of first viewo the targeti.e., [ AO chp .

In this case the equations (2.18), (2.24), and (2.25) an
implemented because the heading is not held zero. Th
simulation (Fig.8.) shows that theheading catols up the
command gickly and the pitching and rolling works together
with the heading.

LINEAR CONTROL

In this section we try linear control techniques. First we

http://www.ripublication.com

‘ kp=9, kd=2*0.8*3, nonlinear, psi=atan(2,1), phi dot feedback ‘

. 0.5 2
g E ]
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= | x
o
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linearize the quadrotor dynamics (Eqgn. (2.12)) assuming the..

the heading is kept zero and the trim is held%er 1h—
. Then the rotational dynamics are linearized as follows

v -t (2.26)

0.5

g | N N ——
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Figure 7: Position control with nonlinear scheme
@ 11, Euler rates feedback)

And the translational equatioraf motion are linearized as
follows

Yoo Y[
Yo "Y%o (2.27)

(4
<

Figure 8: Position contrbwith nonlinear scheme
(( A O &lp , Euler rates feedback)

Then if we use PD control as in e@®.17)

Yo Mk QYo Q Yo VYo kYo

Yo Y%k QYo Q Yo Yo kY6 o (2.28)
Yo 2k @Y @ Y& Yo k%

theattitude angle and thrust commands are given as

g Yo
a =
o y
V%o (2.29)
YO a Yo

In case the heading is not kept zero one may use the equation

(2.22) assuming that the variables are small as follows
.. O
Yoo Aird OBl g
Ve OET Alrd> 0.

d_ 00
Aird OFT w— ¥
OFT Aird "o K Vo (230
That is,
w_ Al OFT ¥
"% OFT Aird Yo (2.30

Therefore the attitude commands are given as

S’/—— Yy Yy
V% Y (2.32)

The simulation resultwith linear control are similar to those
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with nonlinear one as seen in Fig. 9.

‘ kp=9, kd=2*0.8"3, linear, psi=atan(2,1), phi dot feedback ‘
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Figure 8: Position control witHinear scheme

( A O Alp , Euler rates feedback)

The next simulation (Fig. 10) showthe effects ofp,q,r
feedback rather than Euler rate%ff and some

overshoots are shown because in this case the eRact 2

feedback system is not made.

‘ kp=9, kd=2*0.8*3, linear, psi=atan(2,1), p feedback ‘
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Figure 90. Position control witHinear scheme
( A O &lp , Angularrates feedback)

Another simulation is tried to see the effect of varying heading
command which igjiven to direct the target all tim(¢
A O ¥ ). With this heading command the final approach to

SN-@%82 Volume 2, Number2l (2017) pp.1159811605
http://www.ripublication.com

the target seems unstable due to thesisgity of the heading
computatiomear the target.

‘ kp=9, kd=2*0.8*3, linear, psi=atan(y,x), phi dot feedback
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Figure 101: Position controlith linear scheme
C A O Advy , Eulerrates feedback)

POSITION CONTROL VIA SPEED CONTROL

If we try to send the quadrotor farther away (for example,
¢rho om), big overshoots results in with
previous gains (Fig. 12.) because the cldseg system
works as a lightly damped system due to the limits of the
attitude commands (our cas%-s ¢ Ts—s ¢ 1J

If the gains are tuned again as in Fig. 13., a good tracking can
be made. However, if the target is changed into a far distant
position (for example, & p mdahd ¢ mdr), then big
overshoots come again even with the tuned gairsis
another gain tuning should be tried. And on can see that it is
not easy to tune a proper set of gains for each target position.
Therefore it is necessary to find a consistent way to be applied
to any target distancé&or this purpose a position controa
speed contrak proposed. That is, a speed control is used until
the quadrotor reaches the target within a prespecified radius
and then the previously used PD control is applied to precisely
send the quadrotor to the target. That is, using the iequat
(2.27), one can let the feedback keep the speed 10 m/sec, for
example, as follows in cage TU
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‘ kp=9, kd=2*0.8"3, linear, psi=0, phi dot feedback ‘ S’/(;‘ A | [ j O E— T "(S”-
g°5pj Lj _ Yo OF1T Alrd "Y%o
g SN e —
< 0 < o e 2 A ..
z J W < Air5 Of1T Yo (2.35)
0.5 -50 AT O KTray W .
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5 of || /M E o Yo y— Yo po
3 > < . w0/ . (2.36)
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kel —
Y S
S o E 2 e
3 MW > [ 0Ge .
01 0
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time (sec) y (m) and thenthe speed control (2.36) is opeeat until the
quadrotor reaches near the targetl then PD controller used
Figure 112: Position control wittbig overshoots Fig. 14 shows this simulation results.
((’— T, EU|er rates feedbaCk) ‘ kp=9, kd=25, linear, psi=atan(y,x), phi dot feedback ‘
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Figure 123: Position control withgains tuned.

(¢ T, Euler rates feedback) One carstill use different speed canand schedule according
to the remaining distance.

Yor y— TV por
< o 2.33
Yo Y%- T ( ) CONCLUSION

In casethe heading is not kept zerone may use the In this work various situations were simulated for quadrotor
coordinate transformation between the Earth frame and-the Icontrol. Firstthe simulations showhat nonlinearand linear

frame, that is, control schemes are similar in performance. As far as the
heading command is concernednstant heading commands
G Aird> OF1 d—OE’—YI)é i %o whether it is zero or nptare not a problem but retime
o OF1 Aird "O. . . varying heading command to the target seems to bring the
& OF% instability near the target duto the computationaensitivity.

For the attitude control it seems better to feedback the Euler
(2.34) rates rather than the body rates. Finally in order to send the
quadrotor to a target with arbitrary distanttee proposed
Or usingthefollowing linearizedone control strategy fosition control via speed control) seems
working well whereas the gains should be changed in the gain
tuning method.

Air5> OFT o
OFT Alrd @
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