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Robust Low Altitude Behavior Control of a
Quadrotor Rotorcraft Through Sliding Modes

MehmetOnder Efé

Abstract— This paper gives the full dynamical model of a VSC scheme is well-known for its robustness to uncer-
commercially available quadrotor rotorcraft and presents its  tainties and disturbances. Conceptually, the controlésigh
behavior control at low altitudes through sliding mode contol. i this framework is based on the nominal representation of
The control law is very well known for its robustness against . L
disturbances and invariance during the sliding regime. Theplant, the system about W,h'Ch the bound.s.of the uncertalntles are
on the other hand, is a nonlinear one with state variables are assumed to be available. The decision mechanism operates
tightly coupled. The simulations have shown that the algothm on the basis of switching on the different sides of a decision
successfully drives the system towards the desired trajesty with  poundary, which is called the sliding hypersurface [1],, [2]
bounded control signals. [3], and the goal of the design is to enforce the error vector
toward this hypersurface during the reaching phase. Oree th
error vector is confined to the sliding hypersurface, it chibe
behavior imposed by the set of equations describing therhype

A UAV is a flying robot having its own power supply, havingsurface, i.e. sliding mode starts and the error vector agese
no human pilot and maintaining the flight through an apprd origin. The control strategy is therefore called SlidMgde
priate scheduling of aerodynamic forces either autonotgou&ontrol (SMC) in the related literature, [1], [2], [3]. Dug
or by remote control. The UAV systems are capable of beiige sliding mode, the control system becomes insensititieeto
invisible to radars and of performing formation flight. Withdisturbances and uncertainties unless the decision mischan
such properties, a UAV system is cheap enough to sacrifice afielates the physical limits for maintaining the sliding tion.
powerful enough to carry sensors, camera and communicatio?MC strategy has been applied successfully in a wide
systems and lightweight weapons. More importantly, a UAvariety of design problems ranging from the control of mntio
can maintain the flight beyond the limits of a human pilot. control systems, and chemical processes to the control of

Such kind of small scale and highly versatile systems afBaotic systems. Hung et al., [1], review the control sgyte
used in a wide spectrum of applications. For instance, cellefor linear and nonlmeer systems and discusses the design fe
ing information (imaging, pursuit, searching, video asifion systems _represented in canonleal forms. Anether s_ystemaﬂ
and reconnaissance), security, surveillance, contralggiing examlnau_on of SMC approach is presented in [4], in which
prevention), targeting, meteorologic and agriculturaplap the practlcall aspects ef SMC.deS|gn are assessed fer both
cations, traffic management and steering, telemetry (rem&Pntinuous-time and discrete-time cases and a special con-
sizing) and crisis management after natural disastersoane s Sideration is given to the finite switching frequency, liewit
examples at a first glance. bandwidth actuators and parasitic dynamics. Misawa dégsus

Accomplishing these high level missions with UAV systemd!® SMC design for discrete-time systems in [5] for the
is critically dependent upon the performance at low levdln€ar case and in [6] for the nonlinear case with unmatched
command and control schemes. This fact has made the desi}gertainties, Sabanovic et al. [7] elaborate the chagefree
prototyping, implementation and manufacturing of autopil MC design, Bartolini et al. [8] formulate the ehatte_nrrgé
systems a growing industry. The choice of the autopilot fotVIC for MIMO systems, and Erbatur et al. [9] investigate the
a UAV system may depend upon the mission statement yg}!)ustness properties of SMC technique on a 2-DOF direct

regardless of the mission statement, the vehicle must B/€ SCARA robot. o _

robust enough to cope with the difficulties of the operating EXtensive range of application domains of the SMC scheme
environment. Sliding mode control systems are very walyith robustness properties motivate us to design the Iowl lev
known for their robustness against disturbances and awveei eontr_ol laws for the quadrotor rotorcraft system considere
during the sliding mode. The technique is known also 48 this paper and by some other researchers. For example
Variable Structure Control (VSC) as the system during tife@stillo etal. [10], [11] have performed real time expenitse

sliding regime operates in a predefined subset of the ph&% assessed the performance of a nonlinear controller. In
space. [12], classical PID controller is considered and model dase

design is experimented. Hanford et al., [13], present a lsimp
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292 4091 filter. Vision based control of the quadrotor rotorcraftteys is
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studied in [15], which exploits the Moiré patterns, and 18]

which utilizes double cameras. Camlica dwells on a linear —so 0 1

quadratic controller in [17], and Waslander puts an emghasi Ty=1| cosp ¢ O 3
on the insufficiency of classical control methods and prepos cocy —s¢ 0

the integral SMC associated with reinforcement learning to

achieve multi agent control. In [19], vehicle stabilizaticased I, 0 0 Iy O 0

on the backstepping technique is presented with successfull = 0 I, 0 |= 0 Iy O 4)
results. 0 0 L. 0 0 2,

The current SMC design problem is involved with couplegthe Coriolis and centripetal vector denoted BYn,7) is

and highly nonlinear dynamics, noisy observations and dgafined as below and computed as given by (8).
manding performance requirements. The organization of the

paper is as follows: The dynamic model of the vehicle is pre- Cn,n) = j— }ﬁ(ﬁTJ) (5)
sented in the next section, the SMC technique is presented in ’ 2 0n
the third section, behavior control is discussed next, Etan

. . 2.2
results and concluding remarks are given at the end of the L+ cyey  —coseco  —So
J=1 | —cosec 2—¢c? 0 (6)
paper. »Co ®
—So 0 1
Il. THE DYNAMIC MODEL OF THE VEHICLE 95290‘;4_(5:924)@3 9'59%% — deages ey

A sketch of the quadrotor rotorcraft system studied in this Se%agc 9200 (b%%’ 8
6

study is shown in Fig. 1, where the Euler angles and the @
cartesian coordinate frame are shown. The equations obmoti
are given in (1) and the values of some variables seen are

tabulated in Table |. Cip = Cip = Ci3 = 0
f Co1 = 111(1210?5529 + 0sycps0 — dep)
2(-\.5)(9 Coo = Ipptpsecese
; N ] p Cos = —ILuatbeo ®)
¥ > ! C31 = —L(Ycgsay + Ococay)
] . Y [ Cs2 = —ILua(cocay — 0s24)
— J4 '., -¢C 03,3 = 0
ms ]""" n wherel,, = I,, = ml?, I, = 2m/?. Model inputs and the
N i aerodynamic forcesf{) created by each propeller are related
to each other as described below.
4
Ty = ZTmi (9a)
Fig. 1. General view of the quadrotor rotorcraft system i=1
7o = (fs — 1)l (9b)
7o = (fo — fa)l (9¢c)
4
Mz = —usg U= Z fi (9d)
My = wucgse =1
M3 = ucgey— Mg In above,f; :_kwf andk > 0 is a motor gainw; denot_es the
¥ . angular velocity ofith motor. (See [10], [11] for details).
= Tw
6 = 7 TABLE |
O ~ PHYSICAL PARAMETERS OF TH EQUADROTOR ROTORCRAFT
¢ = Ty (1)
wheresd is an abbreviation fogin 8 while cf stands forcos 6. m; Motor weight 0.08 kg
. my Battery weight 0.20 kg
~ T . o M Total weight of the vehicle | 0.52 kg
T=| T | =3 (= Clin) 2) ¢ | Distance from motors to COG 0.205 m
To g Gravitational acceleration | 9.81 m/g

T

Heren= (v 6 ¢ ), J(n) =TT, and
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I11. AN OVERVIEW OF SLIDING MODE CONTROL sliding regime prescribes. During this regime, the closed
Assume that the plant under control has the structure l00p control system becomes insensitive to disturbances
described in (10), wher¢ and¢ are the states, andlis the to the extent allowed by the design, and this mode is
control input. known as thesliding mode.
With such a control law, one naturally questions the selec-
=9 (&g) + U (&g) 5 (10) tion of ¢ > 0. Assume the plant given in (10) is a nominal

plant, on which the sliding control law is based. If the real
where U (¢,€) # 0. The design problem is to enforce thedlant has uncertainties that enter the right hand side of (10

behavior of the system states towards the desired trajestoraS below;
which are known. Denote the reference trajectorieg,bgnd

¢ and the tracking errors by: = € — ¢, andég = € — &, 52@(5,5) +\I/(£,§)6+A(§,§,t) (15)
Th_e crux of the .SMC sch_e_me IS the o_lef|n|t|on of a S!'d'ngﬁen the application of the control signal computed for the

manifold, along which the sliding motion is to take placeisTh nominal plant would yield the following resuit

guantity is denoted by and is defined as below

$ = —osgn(s) + A(+) (16)

5 = (% +/\) €¢ Clearly if o > sup§757t|A(§,§,t)| then ss < 0 is ensured.
— et e (11) The practical |r_1terpretat|on of this is as fpllpws: For lkarg
¢ ¢ o, the result stipulates that larger uncertainties are abler
where A > 0 is the slope of the sliding life If a control however one has to consider the system specific details, e.g.
law enforces the trajectories in the phase space such thate constants to determine the besdince a large value of
s = 0 holds true, then the errors converge asymptoticallyill require very fast hitting the sliding manifold as fortated

to origin as prescribed by, = —\e¢, whose solution is by ¢, < '5(0_—0”, the proof of which is straightforward.
ee(t) = ec(0)e . In the practical applications of SMC systems, the original
In order to demonstrate stability, adopt the Lyaponuv funsign function is smoothed by utilizing the approximation
tion candidate given as sgn(s) ~ rsire: Wheree > 0. Since the sliding mode entails
1 s = 0, the noise in the observed quantities becomes highly
V= -5 (12) effective and the controller can generate unnecessarie la
. o 2 o control signals. This is known as the chattering in the eglat
The time derivative of the Lyapunov function in (12) can bgeratyre, [3]. Utilizing the above approximation intnoces
computed as follows a boundary layer and eliminates the undesired chattering
phenomenon significantly, [3]. This paper adopts the same
V o= i strategy in computing the sign of the quantityln the next
. ) section, we present the design of SMC for the considered UAV
= 5(+ Aé) system.

S (5 - gr + )\65)
IV. CONTROL OF THEVEHICLE BEHAVIOR

= (q) (5’5) +v (5’5) 0 =& + )‘ef) (13) The control of the vehicle behavior is scrutinized under
three subtitles as discussed below. The underlying idea is t
compute the desired value of the Euler angles and quickly
drive these angles to their desired values. In Fig. 2, thegn
structure of the control system is shown, where the referenc
angle generation is followed by the angle controllers thgre

We would like to haveV = s5 < —ols| with o being a
positive constant. Dropping the arguments of the functidns
and ¥, and equatingd 4+ W5 — &, + A\ée to —osgn(s) and
solving for ¢ yields

5— = (_Usgn(s) e+ é - <I>) (14) resulting in desired behavioral response
which ensures = —osgn(s) andV = —o|s| is achieved in | [ |
the closed loop. The control law in (14) has two properties. X y z v ¢ 6 6 ¢ v z y X
« If an initial condition, say ¢¢(0), é:(0)) is not on the [T S N S A e M N
sliding manifold characterized by = 0, it is forced X’_ Rifer?nce & Angle ;w i _D .
towards the manifold. In other words, the sliding manifold v CO;%SM g |Controllers 12 T, "
is an attr.actor and the regime until it is reached is called z'_)f T I T T 1 T 171
the reaching mode. Xy z v ¢ 6 6 ¢ v z y x
« If a trajectory is trapped into the sliding manifold, the 1 T ' ] |

system in the closed loop behaves exactly as how the

lin the current problem the system dynamics is a second order oFig. 2. The block diagram of the control system structure
therefore the sliding manifold is a line. In generalis mentioned as the slope
parameter determining the speed of convergence duringlithiegsregime.
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A. SMC of the Yaw Angle (1)) and Altitude (z) If & =0,, we would haves, = _Ur\sfﬁ — 1Sz, then one
Denote the desired altitude by, the desired velocity in could drived — 6, as quickly as possible and would ensure
z-direction by z, and the desired acceleration By. Define thg stab_|l|ty m:v—dlrecfuon too. The control of the Euler angle
€= 2 — 2, &, =4 — % ands, 1= é. + \e.. 6 is achieved by setting
With these definitions, the controller postulated below wil ~ .
drive the vehicle to the desired altitude. 7y = —66 —9(0 - 6,) (24)

Briefly, in order to achieve a desired response in the

.Z:r_)\zéz_ zs—z_ zsz+ . . . . .
u=M OeToulte — H J (17) cartesian space, as illustrated in Fig. 2, the desired sdhre
CoCo the Euler angles are computed and the orientation of the UAV
The control law above is accompanied by the followinip driven to those particular values which eventually dsitiee
selection withy, = 0. vehicle to the target position in cartesian coordinateesyst
Ty = —61) — 9(¢ — ) (18) V. SIMULATION STUDIES

The SMC law in (17) and the stabilizing law in (18) result Two flight scenarios are considered in the simulations. én th
in the maintenance of the desired altitude. first scenario, the reference trajectories of the vehicknge

only in one direction while the other two coordinates are
N maintained at a constant value. This results in movements
B. SMC of the Roll Angle (¢) and y-Position along the vertices of rectangular volumes in the cartesian

Denote the desired position indirection byy,, the desired Space. The second scenario illustrates the results obtaine
velocity by, and the desired acceleration §y. Definee,, := when the quadrotor rotorcraft system is desired to movegalon
Y—1r, &y = — 13 ands, := é,+ A,e,. Define the reference @ continuously changing trajectory designed for takeoff an

roll angle value as landing in turn.
In Table II, the parameters of the SMC law and the

simulations are summarized. One should note that for such
(19) applications the selection of the best parameter set is temat
of the design specifications as well as the capabilities ef th

Clearly the control input, in (17) keeps the desired aItitudevehi(?Ie under investigation. After a short period of fineifn
by trial and error, we have fixed the values to the tabulated

and the behavior in-direction obeys;, = —UZ‘Sjﬁ — Sy, values

As soon as the transient regime indirection andy angle '

ends, the dynamic behavior #rdirection is governed by TABLE II
SIMULATION PARAMETERS

Jr — Ay€y — Oy e — iy S
1 Yr = Ayly — Oy o5 — HySy
¢p = tan - - =
Zp— Ay — Uzm — WS+ g

. . . 5z
§ = (Zr —Aé — e e + g) tang  (20) At Simulation stepsize 0.25 sec.
? T Simulation time (Flight time)| 1300 sec.
Obviously forg = ¢,, we would haves, = —oy, = — 1y sy, o, Variance of positional noise|  0.001
then one could driveé — ¢,- as quickly as possi%le and would T Variance of velocity noise 0.001
ensure the stability i-direction too. The control of the roll 75 "5 "o Reaching law parameter 0.010
angle is achieved by choosing [y bz Reaching law parameter | 0.500
. Az Ay Az Slope parameters 1.000
Tp = =60 —9(¢ - ¢r) (21) € Sign function smoothing pay  0.050
C. SMC of the Pitch Angle (¢) and z-Position The results with the first scenario are illustrated in Fig. 3,
Denote the desired position indirection byz,., the desired where the UAV system follows the reference trajectory very
velocity by, and the desired acceleration 8y. Definee, := precisely. The control signals produced to observe thislres
T—T,, 65 =T —&, ands, := é,+ \ze,. Define the reference are not depicted due to the space limit but they have been
pitch angle value as observed to be smooth enough. In the simulations, we have
assumed that the actuators are able to respond quickly and
Fr — Mgy — Op =2 — lip8s accurately, and we have not enforced limits on the control
0, = tan"! (- _ , JSalte cos ¢ signals.
Zr— Ae — O e —H2Sz t g In the simulations, all velocities and cartesian positions

) ) S 22) ((0),y(0) andz(0)) are taken zero initially. The initial values
The choice ofu in (17) makes the behavior in-direction as of the Euler angles are(0) = 0.1 rad.,#(0) = 0.2 rad. and

follows: #(0) = —0.1 rad. and the obtained results have been found
satisfactory.
. . ) 5 tand With the same initial conditions and controller settinge t
v (ZT ~ Al 0 ls.|+¢ pasz g) cos ¢ (23)  reference profile is changed to the one given below.
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(4

0 t <200 sec.
zo(t) = ¢ =2%sin(37) 200 <t <800 sec. (25) [5]
1300t .o [
=5 —sin (M) t > 800 sec.
[6]
0 t < 200 sec.
(1) = 12200 (g (22t 200 <t < 800 . 26
yr(®) 130%—tcos,(42079t) < see (26)
=== cos (m) t > 800 sec.
100 tanh (Z5) t <200 sec. 8]
z-(t) = 100 200 <t < 800 sec. (27)
1300t t > 800 sec.

5 El
The results obtained with these command signals are shown
in Fig. 4. Clearly the vehicle takes off and reaches an al-
titude of 100 meters, then starts navigating at this alétudio]
by following a circular trajectory and lands at the origin,
where the flight had started. The trajectory tracking a;bilit[n]

is found to be very promising in this scenario too. Clearly,
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difficulty for the controller presented, yet, it displaysrteén
degrees of robustness against such difficulties and theselve
effects of the observation noise are alleviated succdgsful [13]
(14]
VI. CONCLUSIONS

This paper presents the design of sliding mode controllers
for low altitude behavior control of a quadrotor rotorcraft
system. The assumptions made during the design were
unsaturated controls, negligible weather disturbancdaad(w
gust etc.) and reasonably fast actuation periphery. Therpa
gives the dynamic model of the vehicle and presents a higr‘§
archical control scheme that drives the vehicle to its @elsir
altitude, then to desireg position and finally the desired
position. The simulations carried out justify the claims. i
the controllers perform very well in the first type of flight[1s]
scenario, where only one of the coordinates is changing. The
results obtained with the second type of flight trajectorg ar
found to be very accurate and this result is attributed to the
robustness property of sliding mode control systems. [19]

The contribution of this work to the existing body of liter-
ature is the presentation of a fairly simple yet robust aantr
strategy for a highly nonlinear unmanned aerial vehiclee Th
future work of the author contains real time justificatiorttod
presented control law.

[17]
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Fig. 4. Behavior in the cartesian space for the continuagjedtory of take

Fig. 3. Behavior in the cartesian space off and landing



