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ABSTRACT

This paper studies the design of an enhanced proportional-
derivative (PD) controller to improve the transient resgerof a
micro quadrotor helicopter (quadcopter). In particulaneg con-
troller minimizes the effect of disturbances by considgitime
orientation and rotation of the platform. A dynamics modgl i
developed for an experimental micro quadcopter platfornd a
simulation results are presented that compare the propesed
hanced PD controller to a standard PD controller. Resultswh
a 50% reduction in the peak response and a 45% reduction in the
settling time, demonstrating the effectiveness of theraibet

Figure 1. Experimental micro quadcopter platform, consisting of four in-
plane motors and an on-board flight control system. The inertial reference
frame, E, body reference frame, b, the direction of the rotor speed, Qj,
and the applied forces, Tj, and moments, M; with their accompanying
equations shown in the figure. The constants kT and Ky are the thrust
constant and moment constant, respectively.

1 Introduction

Micro aerial vehicles (MAVs) have a wingspan less than
0.15 m and a mass less than 0.1 kg [1]. Recent advances in
technology have enabled the development of high-perfocaman
MAVs and currently MAVs include fixed wing aircraft, flap-
ping wing aircraft, coaxial helicopters, trirotor helideps,
and quadrotor helicopters [2]. These small vehicles aré wel

suited for applications which in_clude autonomous sens_tbr N  formed aggressive, high speed maneuvers [3], however the wo
works for remotely detecting enwronmenta}l hazards, angesi has been applied to systems larger than MAVs. Quadcopter
lance, search, and rescue operations in areas that are dangonirol approaches include iterative learning contro) [Blear

gerous to humans. For high-performance operation, an en- q,aqratic regulator [5], sliding mode control, model posiste
hanced proportional-derivative (PD) controller posed urtgr- control [6], and variations of PID control [7]. While theserc

nion space which takes into account the actual rotationahbe trollers have been successfully implemented, limited walk

ior of the MAV is proposed. Such a controller, compared t0 & peen done on micro quadcopters. One of the main challenges is
standard PD controller, offers improved transient respoiifie due to their small size, micro quadcopters are more sustepti

experimental system is shown in Fig. 1, and the system is mod- 1, gisturbances such as wind gusts making it difficult to denev
eled and characterized for controller design. Simulatayegre- the basic maneuver of hovering.
sented to demonstrate the controller's effectiveness. One of the main contributions of this work is the develop-
The control of quadcopters has mostly been focused on ma- ent of an enhanced PD control system for micro quadcopters
“Corresponding author:  Email: kam@nr . edu;  Phone/Fax: that offerimproved performance compared to a standard D co
+1.775.784.7782/1701. troller. In particular, the proposed enhanced PD controlfimm-

neuvering at near hover conditions. Several groups have per



imizes the effect of disturbances by exploiting the pritespof
quaternion rotation. Itis pointed out that the majoritytud ton-
trol systems are based on dynamic models which utilize Euler
angles to describe the orientation of a vehicle. One problém
Euler angles is gimbal lock can occur causing singularities
calculations involving the rotation of the platform. Ginhleck
can be avoided by describing the rotation of the quadcogster u
ing a unit quaternion [8]. In real world applications didiances
cause the quadcopter to rotate with some velocity. To mizgmi
the effect of disturbances the enhanced PD controller defiree
desired rotational velocity as a velocity that counterttodsrota-
tional velocity caused by the disturbance. The contrafiéaised
off a PD control structure. However, compared to existingkwo
which assumes that the desired rotation is zero [9], the &grm

in the rotational velocity is replaced with the measuredtiohal
velocity. Thus, the proposed enhanced PD controller doegsio
sume the desired rotational velocity is zero. Instead, jiedels
on a velocity that drives the system back to the originakstat

2 The Experimental System and Modeling
2.1 The Experimental Quadcopter

The experimental micro quadcopter system (Mini Micro
ARF Quadcopter) is shown in Fig. 1 and the system has a foot-
print of 68 mm by 68 mm. The body of the quadcopter is fabri-
cated from a single printed circuit board, with integratechpo-
nents that include a microcontroller ATMEGA328P), thieeés
gyro, accelerometer, and radio receiver. To minimize wgigh
the system is propelled by brushed DC motors. Compared to
traditional designs where brushless motors are commorlgl,us
brushed motors do not require sophisticated electroniedspe
controllers, thus reducing weight. However, the trade mthis
case is longevity as brushed motors tend to wear more quickly

during use compared to brushless motors. The entire system,

which includes a battery (1S lithium battery), weighs 2 #ahgs.
Such a small and lightweight system has several advantagbs s
as being maneuverable and agile. However, being small is mor
easily affected by external disturbances such as wind gusts

2.2 Dynamic Model

The motion of a quadcopter consists of two components: the
rotational motion and the translational motion, and, asvshio
Fig. 1, is described in both the inertial reference frafmele-
fined by the coordinate systeXg, Yg,Zg) and the quadcopter
body frameb, defined by the coordinate systemy, yy,z,). The
rotational motion describes the orientation and rotatibthe
quadcopter relative to the body frame. The rotation in theybo
frame is then transformed to rotation in the inertial franRa-
tation about théXg-axis (roll) is defined by the angtg rotation
about theYg-axis (pitch) is defined by the angl and rotation
aboutZg-axis (yaw) is defined by the angle On the other hand,
the translational motion describes the position of the ncass
ter of the vehicle and is relative to the inertial coordirgtstem.
Finally, gravity acts in the negativ:-direction.

The quadcopter’s position and attitude are affected by the

thrust and moment generated by the four rotors. The thrubt an
moment caused by a single rotor are defined by

Ti=krQf, Mi=—kuQf, (1)
whereQ; is the angular velocity of the rotor with unitsigfm, kt
is the thrust constant with units f/(rpm)?, andky, is the mo-
ment constant with units ah- N/(rpm)? [2]. When hovering,
the force caused by the sum of the thrust vectors in the pesiti
Ze-direction is equal to the gravitational force,mg= (ZT;)z,
whereT; is the thrust caused by th& rotor. The speed of the
it rotor is denoted byd;. The roll angle of the quadcopter is
adjusted by changing the thruss, with respect to the thrusty,
and the pitch angle of the quadcopter is adjusted by charlgeng
thrust, Ty, with respect to the thrustz. Yaw is controlled by the
speed of the rotors. Each rotor causes a moment when it is ro-
tating. For a quadcopter this moment can be negated by having
two of the rotors spin counter to the other two. Thus, the yaw
can be adjusted by changing the speed of the rotors. In thés ca
rotors 1 and 3 are spinning counter-clockwise and rotorsi an
4 are spinning clockwise. The translational motion is degtiin
the inertial frame; however, the thrust from the rotors arabd
acting on the body are described in the body frame and need to b
transformed from the body frame to the inertial frame. Tigtou
out this paper, vectors arrays are denote by génd quaternion
arrays are in bold. Array subscript describes the referéracee.
For scalars, the first subscript describes the referenoeefend
the second either describes the axis or rotor location asrsiro
Fig. 1.

2.2.1 Quaternions Quaternions are a method of rep-
resenting 3-dimensional orientation using scalar and d¢exnp
numbers. Each quaternion consists of four components and is
described by = [qo, ], whered = [qui, 02}, gsk]". The scalar
go represents the rotation about the axis defined by the unit vec
tor d/|d|. Any position, velocity, and acceleration vector can be
written in quaternion space by simply using the same compo-
nents with no rotation. For example, the rotational velocan
be defined asy = [0, Wy, %*Yg’ oob’zk]T and the thrust can be
described a3, = [0, 0, 0, ZTik]; .

The transformation from one frame to another is done by
performing a quaternion product denoted ®y The quater-
nion product between two quaterniorsandq, is defined as
P®©q = [doPo — &' P.oP+ Pod +d x |7, and the product of
two quaternions represents the sum of the two rotations.rA ge
eral vector, Xy can be transformed from the body frame to the

inertial frame by Xe = 4@ Xp® 7, )
whereX =10, x1i, o , xgk]T is some generic vector in quaternion
space and|* is the complex conjugate of the quaternion defined
by g* = q~! = [0o, —ui, —02j, —qsk]. For a rotating object,
the change in orientation with respect to time can be found by

q= %q ® Wp. ©)
Equations (2) and (3) are used to transform between the body
frame and the inertial frame. It is important to note thatra si
gularity can occur during calculations of the rotationaltioio



sinceq = —q. This can be avoided by performing the calcula-
tions at small enough time intervals. Since it is more intait
to view the objects attitude using Euler angles, one can find

these by = tan! [Mﬁ%ﬁl} 6 = sin *[2(dodz — cu3)),

1-2(q7+05)

—tan! {Z(QOQS+Q1QZ):| )
v 1-2(c5+q3) o
Conversely, from the Euler angles the quaternion is:

Oo = cog(®/2) cogB/2) cos(Y/2) + sin(g/2) sin(8/2) sin(/2),
01 = sin(@/2) cog6/2) co{y/2) — cogg/2) sin(6/2) sin(/2),
g2 = coq@/2)sin(6/2) cogW/2) + sin(@/2) cogB/2) sin(W/2),
gz = coq@/2)cog0/2)sin(Y/2) — sin(@/2)sin(6/2) cogW/2).

2.2.2 Rotational Motion The rotational motion of the
quadcopter describes the angle and rotation of the vehscie a
is moving through its environment. The equations of rotadio
motion can be derived from Newton’s Second Law

b = SN, (4)

wherely, 6y, andM,, are the inertia matrix, rotational acceleration

moment caused by the thrust of iferotor. Substituting Eq. (1)
into Eqg. (6) and Eq. (7) results in

SMpx = Lokt (Q2)? — Lakr (Q4)2 — 6y 2(13 — 12)

—\]r(;\)o,y(—Ql-l-Qz—Q3—|—Q4)7 (8)
>Mpy = Lakr (Q1)? — Lakr (Q3)? — 0 x0b2(11 — 13)
+Jr@px(—Q1+ Q2 — Q3+ Qa). (9)

Typically, the length from the center of mass to the rotor ban
approximated as the same for each rotor solthatl; = L, =
L3 = L4. Finally, the moment around tim-axis is

SMpz = —kn(—Q% + Q3 — Q3+ Q3F) — tpxthy(l2—11). (10)

These equations are used to describe the rotational motion
of a quadcopter. The orientation of the vehicle directlyeet$
the translational motion which is described next.

2.2.3 Translational Motion The translational equa-
tions of motion are derived from the thrust, the drag force] a
the force of gravity. The translational motion equations de-

in the body frame and the sum of the moments about the center of rived in quaternion space from Newton’s Second Law and are

mass, respectively. Due to the symmetry of the quadcojbier, t
moment of inertia of the system about the center of mgsis a
diagonal matrix wheré, 11 =lp22=loxx=lbyy andlp33=lpzz
The rotational acceleratiody, is described in the body frame by
the vector{ay x, Wy, (loo,z]T. Similarly, the rotational velocity,
Gy, is the velocity at which the quadcopter rotates in the body
frame and is described by the vecfapx, wy,y, (A)D’Z]T. The sum
of the moments about the center of gravity is described by the
vector[Mpx, Mpy, Mb’z]T and is derived as follows.

The moments acting at the center of gravity of the body are

SMp = SNy — 6 x Ip G

—J6n % [0,0,(—Q14+ Q2 — Q3+ Qu)]", 5)

where J; is a scalar representing the inertia of a single rotor
and Q; is the speed of thé" rotor (see Fig. 1). Addition-
ally, Mt is the vector representing the moments caused by
the rotors along the-axis, y-axis andz-axis, ty x I, Gy is the
gyroscopic torque caused by the rotation of the platform and
JrGx % 0,0, (—Q1+ Q2 — Q3+ Q4)]" is the gyroscopic torque
caused by the rotation of the rotors. The sum of the moments,
>Mr, is derived by inspecting the moments acting on the plat-
form. For the quadcopter, these forces act alongzthaxis;
therefore the pitch and roll are caused by the moments

SMpy = LoTo — LaTs — pywp 2(13 — 12)

—Jr0py(—Q1+ Q2 — Q3+ Qy), (6)
IMpy = L1 Ty — L3Tz — tpxp z(11 — 13)
+Jr o x(—Q1+Q2— Q3+ Qa), (7)

wherel; is the length from the center of mass to Herotor,
andT, is the thrust of thé!" rotor. In Eq. (6) and (7)., T; is the

mXg = Tp+ Dp+ WE. (11)

The thrust from the rotors is described by the veciby,=
[0,0,0, 3Ty;]", whereXT, is the sum of the thrust from each
rotor. The drag force is also acting in the body frame and is
described by the vect®, = c[0, Vpx, Vby, Vb,Z]T. The gravita-
tional force is described in the inertial frame by the vetitr =

[0, 0,0, —mg", wheremgis the weight of the aircraft. The ac-
celeration Xg, is described by the vectd®d, Xe x, Xe v, )'(E,Z]T.

To express the entire equation in the inertial frame, the efim
the thrust and the drag force are rotated using quaterrtiveiss

MXe = q® (Te+Dp) ®q* + WE. (12)

The equations of translational motion, combined with the
equations of rotational motion, completely describe theiomo
of the quadcopter. Quaternions are used to describe fonces i
the inertial frame. The enhanced PD controller is built fribiis
model of the quadcopter.

3 Enhanced PD Control

The enhanced PD controller minimizes disturbances to the
quadcopter system by defining the desired rotation velasty
the necessary rotational velocity to counteract distucbanThe
controller is based off a PD controller [9] defined by

T = KpQe + Kgwe, (13)

wheret is the change in rotation needed to correct the eqger,
represents the difference between the desired attiygeand
the measured attitude of the quadcoptgt, andwe represents
the difference between the measured rotation of the vehigle
and the desired rotation of the vehiclay. The necessary rotor
speed can be derived froby [4],
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Figure 2. The enhanced PD control system. The error quaternion, (e,
is defined as the quaternion product & of the conjugate of the measured
quaternion, q;‘n, and the desired quaternion, (q. The rotational velocity
error, We, is the difference between the desired rotational velocity, (g
measured rotational velocity, Wm.
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whereQy, is the rotor speed required to hover. The block diagram
of the PD control system is shown in Fig. 2.

For most applications of Eqg. (13), it is assumed that the
desired rotation is zero so that is replaced bywy,. The fol-
lowing controller instead uses quaternion principlesuised in
Sec. 2.2.1 to derivey. For this controller, the desired rotational
velocity is some velocity that counteracts the measurediostal
velocity. The derivation ofoe uses the rules found in Egs. (3),
(15), and (16) for quaternioa

0d = qm®@ e, (15)
0d = dm®ge+dm® Qe- (16)
By solving Eg. (3) fory and substituting Eq. (15) into Eqg. (16),
wy can be defined by

Wd = 4 @ qm® W @ Je+ 203 @ qm @ Je. (7)

The effect that the error quaterniaq, has on performance
of quadcopter can be controlled by

0y = Kpdg @ m®@ Om @ ge+ Ky @ gm® e, (18)

whereKp andKy dictate how much influence the error quaterion
and its derivativege and e respectively, have on the system.
Note that for no rotatioge = [1, 0, 0, 0]". Equation (18) can be
used to defin@y by we = Wy — w4 SO that

we = Kpdg @ Om ® Wm @ e+ KgOg ® gm®@ Ge — Wm. ~ (19)

Equation (21) can simplified further by substituting Eq.)(&id
Eq. (5) forge andge respectively and solving fape so that

we = (1+ Kg1)(Kpdg ® Om®@ Wm® ge — wm),  (20)

wherel = [1,0,0,0]" is a quaternion representing no rotation
and in quaternion multiplication is comparable to multiply a

matrix by the identity matrix. The enhanced PD controller ba
derived by simplifying Eq. (20), and substituting it into EG3)
so that the final solution is

T =KpUi @ dg + Ka(Kpd§ ® gm® 0m @ 0y @ dd — W) (21)

Equation (21) is composed of either desired terms or mea-
sured terms. The three termig, kq, andKp can be tuned to
optimize the performance of the system. The controller @am n
be implemented and the results are discussed in Sec. 4.2.

4 Simulations and Discussion
4.1 Characterization

The characterization of the platform consists of measuring
the total mass of the system, the moment arm for each ro-
tor Ly,Lo, L3, L4, the rotor force constarir, the rotor moment
constantky, the rotor inertia about the-axis J;, the moment
of inertia about each axik,ly,l; and calculating the drag co-
efficient of the platformc. The mass of the system was mea-
sured using a digital scale from Scalesco Measurement déchn
ogy Inc (model SMT-1008) with a resolution of 0.01 g. The
distance from the center of gravity to each rotor was measure
using calipers with a resolution of im. The inertia of the
system was calculated from a CAD model created in Autodesk
Invento®. The drag coefficient of the platform is taken from the
value for a square plate moving perpendicular to air flowalyn
the force and moment constants were measured using a Nanol7,
6-axis load cell from ATI Industrial Automation. The Nanol7
can measure force in ttedirection with a resolution of 1.5 mN
and it can measure torque in thelirection with a resolution of
6.9 mN- mm. A diagram of the test setup is shown in Fig. 3
and the results of these tests are shown in Fig. 4. The parame-
ters of the quadcopter used for simulation are: mass,27.7 g;
length of arm 1, 2, 3, 4,1 = Lp = L3 = Ly = 39.62 mm); thrust
constantks = 5.861x 1011 N/rpm?; moment constanky, =
3.089x 1013 m-N/rpn?; rotor inertia,J; = 0.0023 kgm?; body
inertia, lyx = lyy = 12x 10-% kg-m? andl,, = 23 x 10-% kg-m?,
and drag constant,= 1.17 N/(m/s).

4.2 Results and Discussion

Equation (13) is used to benchmark the performance of the
enhanced PD controller. For both controllers the propoéio
gain iskp = 1793 and the derivative gainkg = 75.8. An initial
rotational velocity is used to simulate a disturbance. Faglb
and 6 compare the enhanced PD controller to a standard PD con-
troller presented in other work, [9]. The disturbance of 360
is used to show the effectiveness of the controller and e e
under extreme conditions the system will settle back to tige 0
inal state in less than a second. In both cases the enhanced PD
controller has a 45% decrease in the peak response and a 50%
decrease in the settling time when compared to the benchmark
controller. Additionally, the enhanced PD controller lstback
to the nominal configuration without any overshoot.
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Figure 3. The test setup used to experimentally find the thrust and motor

constants. The motor and rotor are mounted on a Nanol7 6-axis sensor.
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Figure 4. Characterization results: (a) force as a function of rotor speed

and (b) moment caused by the rotor as a function of rotor speed.

5 Conclusions

The characterization and control of a micro quadcopter have

been presented. Simulation results were presented to $tew t

performance of the control system. When compared to a bench-

mark controller, the peak response of the system is deadnse
45% and the settling time is improved by 50%. In simulation,

the

enhanced PD controller effectively handles disturbangp

to 360°/s. Future work includes an analysis of the stability of
the controller and experimental verification of the progbsen-
trol scheme.
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