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Modelling and Simulation of Vision Guided
Vertical Landing System for Quadrotor
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ABSTRACT

Aerial vehiclesare seeing an increasein rolein thefield of mission planning, which involves unmanned regions
which last for short duration. This paper presents the research work where a computer vision system is aiding
landing of aquadrotor by identifying the markersin theregion of landing for asafelanding. The quadrotor mode ling
realizes the attitude and motion control of the system which are signalled by a secondary controller. The vision
system is developed to identify shape based feature extraction of markersin the landing region under day light
condition. Theimage analysisis performed continuoudy to extract the shape feature and to identify the coordinates
on the marker. With the help of vision feed of the marker the quadrotor aimsfor avertical landing abovetheregion
of the marker. This paper presents the control algorithm for descent of the quadrotor guided by computer vision
system to achieve a safe landing.

Keywords: Quadrotor, Vision Guidance, Mathematical Modelling, Vision inthe Loop Control, Simulation, Vertical
Landing

1. INTRODUCTION

UAV is a complex system which integrates different hardware components, such as camera, Global
Positioning System (GPS), Inertial Management Unit (IMU), controller, and different software components
to make autonomous flights [1]. The idea of using four rotors was realized as a full-scale helicopter in the
early 1920s [1] and it has been a topic of research for military applications since 1950s [2]. Unmanned
Aeria Vehicles (UAVs) have the potential to revolutionize current working practices for many military and
civilian applications such as assisting in search-and-rescue missions, environmental monitoring, traffic
surveillance and other transportation operations[2] [3]. UAVs are classified as either rotary-wing or fixed-
wing [2]. Quadrotor is a type of rotary-winged craft that consists of four rotors and two pairs of counter
rotating, fixed-pitch blades located at four corners of the body [1]. Quadrotors simplify the design and
maintenance of the vehicle because of their simple mechanical structure and dynamics. Furthermore, the
use of four rotors allows each individual rotor to have a smaller diameter. In this way, the damage that may
be caused by the rotorsin case of undesirable situations can be greatly reduced [1].

Recent researches have enhanced its visual perception, visual processing, redundant sytems for landing
and manoeuvring in structured and unstructered environments and aternative methods for charging the
guadrotor. Different algorithms have been proposed and developed to address current challenges[1] [3] [5]
[4] [6]. A novel multiple view algorithm to improve the motion and structure estimation for vision-based
landing of UAV isproposedin[1]. A quadrotor which useson board processing for localization and mapping
with stereo vision to manoeuvre it in In-door and Out-door GPS denied environment is presented in [4].
Although Interstitial/GPS approach was used for the quadcopter to perceive the environment, it suffers
from two drawbacks. necessity to recelve GPS signals and lack of precision in position [6].
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Vision based aerial vehicles provide the users with complete information of the environment in which
they are located from time to time with the ahility to live stream the information of their surroundings, and
in the recent past this has helped the user to manoeuvre the aerial vehicle as per their need, operated from
aremote location. Vision sensor could also be used to estimate the altitude by itself or combined with other
inertial measurements [7]. The pseudo roll and pitch can be decided from the onboard video or image
streams [8]. Experiments on only vision based navigation and obstacle avoidance have been achieved on
small rotary wing UAVs [9]. The vision system itself faces a lot of challenges which can be due to the
camera, surrounding environment or to a certain extent the aerial vehicle itself due to its body dynamics.

With the increasing applications of aeria vehicles, the challenges faced by them also are increasing.
The aeria range is one of the mgjor concerns, which is mainly dependent on the on-board battery. Current
battery technology only enables Gights of 8-15 min (depending on vehicle, payload, and wind conditions)
for a typical quadrotor [10], which constrains the mission and experimental capabilities of these small-
scale UAVs. Establishing ground landing stations has addressed the range issue which affects the time of
flight but research is till going on to make charging possible in the landing station.

The landing is based on the concept of vertical take-off or landing on board from the landing station.
The most important aspect isthe interaction between the landing-pad and the drone for the automatic take-
off and landing. A optical flow algorithm for hovering flight and vertical landing control of the quadrotor
has been developed at the French Atomic Energy Commission [1].In some cases light based markers are
created onthe landing pad to make it easier for the droneto recognize the landing station while the ultrasonic
sensors aid them to detect obstacles prior to the initation of the landing sequence.The LED in the landing-
field guides the drone’s accurate landing. When the drone locates the landing-pad and approaches aboveit,
both the drone and the pad proceeds through the landing process.If any obstacleis recognized in thelanding
area, it then stops its progress and waits in a hovering state. If the completion of landing is expected, the
landing-pad will turn off the LED after recognizing the drones by the ultrasonic sensor [3].

2. MODELLING OF QUADROTOR

The modelling of quadrotor presented in the following sections is completely based on the book [11] and
the various references presented in the book. For developing the SIMULINK model the necessary
mathematical equations are described below. The generic frame assignment illustrating the thrustsis shown
in Fig. 1.
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Figure 1: Quadrotor Frame Assignment
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2.1. Forward Kinematics of Quadrotor
The position vectors, linear velocity vectors, angular position vectors and angular velocity vectors are

defined as:
vy, B p
vy,Bl,v=lq (1)
v,,B r

The transformation matrix for angular velocities from the inertial frame to the body frame is described
below:

V:WUﬁ 2
p|] |1 0 -S, |4
q|=|0 C, GCS, | o ®)
r| [0S, CC,llv

Where:C,,C,, S,ands,are sine and cosine angles of angular position vectors.

2.2. Forces

The quadrotor is driven be four motors producing angular velocity which generates thrust. These thrusts
are represented as follows.

T =bae (4)

where j =1, 2, 3 and 4. b> 0 is the lift constant of the quadrotor. « is the angular velocity of motors.
Therefore the total thrust generated is given by:

i=4
T=2T ©)

T= db(a)l2 + a)22 + a):f + a)f) (6)

where T istotal thrust generated by the motors. d isthe distance between the motor and the centre of gravity
of the quadrotor. Due to the rotation of the motors, it createstorque about x, y and z axis. The torque about
vehicle's x axis is the rolling torgue and is given by

7, = do(w} - w;) @)
Similarly, the pitching torque is given
7, = db(w? — &) (8)

The torgue applied to each propeller is opposed by aerodynamic drag. This torque exerts a reaction
torgque on airframe which acts to rotate the airframe about the propeller shaft given by

T, = k(a)l2 —a)zz +a)§ —a)j) 9

where Kk is drag constant and depends on similar factors as b. Therefore the total torque exerted by the
motors is given by
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7 db(ef—e3)
T=179|= db(wzz—wg) (10)

W] | k(ef-wj+oi-of)

Where t is the total torque exerted by the propellers along x, y and z axis.

2.3. Equations of Motion
From newton’s second law of motion we can infer trandational dynamics of quadrotor in world frame.

mé =

0
0 ]+ RTB (11)
—mg

Where T isthe total thrust vector represented by:

.

The rotational acceleration of the airframe is given by Euler’s equation of motion:

- o o

] (12)

lv+vx(lv)=7 (13)
Where | is 3 x 3 inertial matrix. Assuming the mass distribution to be symmetric:
le O O
=0 1, O (14)
0 0 Iy,

Wherel 1, andl,, are moment of inertiaabout X, y and z axis. By solving the equation, we get

(IW—Izz)qr
5l Ixx
V= Tgl;,;/L - 7(|E_||Xx)pr
7,1 2 Y (15)
’ (1x—lyy)Pa
I

By combining equations (6) and (10) we get

T -b -b -b -b @y

(T]_ 75| |0 —db O db|_ A w3
) |z| |db 0 -db O 2 (16)
7, | |k -k k -k o2

Where A is of full rank if b, k, d>0 and be represented as

@y T
3 -1 %
=A
3 7o (17)



Modelling and Simulation of Vision Guided Vertical Landing System for Quadrotor 5871

3. MODELLING OF MOTION CONTROL OF QUADROTOR
To control the vehicle we will employ a nested control structure. The rotational dynamics has second order
transfer function of

n(s) 1
7(S) Is® + Bs

(18)

Where B isaerodynamic damping constant and isgenerally low. Thereforewe use Proportional-Derivative
controller for the system.

7, =K, (0 —0)-K 46" -0) (19)

Considering a coordinate frame { VV} attached to the vehicle and with the same origin as{ B} but withits
x and y-axes parallel to the ground. To move the vehicle in the V direction we pitch the nose down which

generates aforce.
0 Tsinog
f =R,(0) = 0 (10)
T T cosé

Therefore for small angles we can assume the component
f,=Tsno~To (1)
This component accelerates vehiclein'V direction. It can be controlled using proportional control law
fe =mKe (v = ) (12)
Combining with equations (21) and (22) we get

m

0 = : Kf(vv; —va) (13)
Similarly for roll angle we aso get:

\%

4 :T’“Kf( v, -Yv,) (14)

Considering position of the vehicle in x-y plane is p, then desired velocity is given by:

Vv =K,(p -p) (15)

Based on error between desired and actual position, desired velocity in frame { V} is a function of yaw
angle given by

{v:] - R, (W)&] (16)

The Fig. 2 represents SIMULINK model of the closed loop control of quadrotor.All the mathematics
described are built in the SIMULINK platform.

The input for the quadrotor block are speeds from four rotors that can be derived from equation (17).
And the output block of the quadrotor returns state vector

X=(XY.2%Y,2,4,0,v.6,0,y) (17)

Vehicles position control loops. The innermost loop controlsthe pitch and yaw of vehicle and itsinputs
are actual and desired roll and pitch angles aswell as pitch and roll rate to provide damping. The outer loop
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Figure2: SSIMULINK Modée of Quadrotor

controls the position of the vehicle by requesting change roll and pitch for the vehicle. The equation for
pitch and roll with combing the equation of velocity returns

o :Kl(V p;—VpX—szvx) (18)

And for the roll we get

¢* = K3(V p;_pr_K4VVy) (19)
The yaw and altitude is controlled by proportional derivative controller given by

0, =K, —w)+Ky( —v) (20)
T=K,(Z -2)+Ky(Z —2)+ (21)

The additive term o, is responsible for adding necessary rotor speed to generate athrust equal to weight
of vehicle and is given by

L 22)

4. VISION ALGORITHM

The main theme of the proposed work is about incorporating a vision system for precise landing of the
guadrotor. A camera is intended to be placed on the quadrotor facing the ground below. In simulation
environment the images acquired from different standoff distances are used. The following section of the
paper describes the various steps involved in processing of the images to extract the marker information
which helps in the guidance of the quadrotor.

4.1. Scene Constraints

The marker used for the research work which isthe reference information for the drone to land, isshown in
the following Fig. 3. The marker consists of a dark triangular background which contains a white circular
region whose centre is considered as the landing location of the quadrotor. The main assumption in the
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proposed is the constancy of the background with the relative pose between the quadrotor and the marker
as avariable. The entire demonstration arenais a hangar with concrete flooring.

Background

Marker Centre

Figure 3: Marker for Landing L ocation

One of the inherent challenges in any vision application is the ability of the algorithm to be robust for
illumination changes. The proposed algorithm operates on binary images of the scene hence choosing the
right threshold becomes a very important step, since the value of the threshold must be intact for a broad
variation in the ambient illumination conditions. A sample histogram of the marker image acquired from a
standoff distance of 150 inchesis showninFig. 4. The darker section of the histogram is the marker and the
brighter section of the marker isthe background. The sufficiency of the gap is the main attribute desired by
the image processing algorithm for the possible variations in the ambient illumination.

9000

8000 1
Backgrpund and |
Circular Regi
6000 f of Marker

No. of Occurences

Region of
Triangular Greyscale
Region of Marker Threshold

0 50 100 150 200 250
Grey Levels

Figure 4: Sample Histogram of the Marker Image

In the proposed research work in order to make the threshold value for binarization of the grayscale
images, the marker image is acquired under different ambient illumination conditions. The Fig. 5 shows
the images of the marker acquired under various ambient illumination conditions. The images also show
therange of thresholds possible for the binarization. It may be observed that the poor illumination eliminates
the contrast between the object and the background which makes the image processing algorithm fail. This
experiment also helps in identifying the range of illumination under which the system will perform. The
range of threshold that may be used for binarization is also obtained from this experiment.
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Figure5: Marker Images Under Varying Ambient Illumination

4.2. Image Acquisition

The various specifications of the image system are presented in Table |. The image acquisition device on-
board the quadrotor is alow cost USB camera which is meant to communicate with the flight controller.
For the simulation purpose, the image of the marker is acquired from various standoff distances.

Tablel
I maging Specifications

Parameter Soecification
Light Source Ambient Sun Light (Indoor Environment)
Lighting Model Partially diffused bright field incident lighting
Camera Make & Mode Logitech Webcam C170
Interface USB 2.0
Resol ution 1024 x 768
Operating Frame Rate 30 Frames Per Second (fps)
Mode of operation Mono8 mode
Trigger Type Softwaretrigger
ImageAcquisition Time ~150ms
Processor Intel(R) Core(TM) i7-4510U CPU @ 2.00GHz

(4 CPUs), ~2.0GHz
Memory 8192MB, 1600MHz

4.3. Camera Modelling

The camera modeling process relates the metric real world information to information in image space.
For the current work a scaled orthographic projection type of cameramodel would suit the purpose since
the marker is a planar geometry and the relative motion between the camera and the marker is a linear
path along the optical axis. If apoint P(X, Y, Z) on therea world with reference to the camera is mapped
to the point I1(X, y) on the image plane then the relation as per a scale orthographic projection may be
defines as:

X=5.X&y=5s.Y (23)
where sis the scaling factor which is a function of the standoff distance, Z. The distance tool in the Image

Tool GUI in MATLAB isused to measure the initial scaling factor at a known distance of the camerafrom
the object. A linear interpolation is assumed for the images acquired from various distances.
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4.4. Image Processing

For the simulation study of the vision guidance pre-acquired images of the marker from different standoff
distances, are saved in the hard-disk of the PC. The grayscale images of the marker are subjected to the
thresholding process where the grayscale threshold is chosen based on Fig. 5. Since the triangular region
has a lower gray value compared to the background the binary image is complemented to ensure the
convention of object and background is intact. The raw grayscale image, thresholded binary image and its
complemented version are shown in Fig. 6.

el _ ol

Figure 6: Images during Various Stages of Processing

4.5. Image Analysis

The main image analysis component in the proposed method is the blob analysis for detecting centroid of
the marker which is the primary information for the quadrotor for landing. Before estimating the centroid
of themarker, the triangular region is subjected to amorphological closing operation to estimate the centroid.
This approach is intentionally chosen so that when the standoff distance is very high the spatial resolution
of the image is poor hence the estimate of the lateral relative position error of the quadrotor with respect to
the marker may be inaccurate. In order to tackle this, a two stage vision-in-the-loop control strategy is
planned which is explained in the next section of the paper. During thefirst stage control the centroid of the
triangular region of the marker istaken. And when the quadrotor has descended down to aheight where the
magnification is very high and the complete triangular marker is no more visible, the control switches to
the second stage. In the second stage the centroid of the circular region of the marker alone is considered.
This switching is estimated by monitoring the values of corner pixels of the binary image of the scene
acquired while descending down. The switching to the second stage of control happens exactly when the
boundary pixels of the complemented binary image starts to have binary 1. During the second control stage
the morphologica closing is not carried out since the circular white region of the marker is the feature of
interest. The SIMULINK model of the image processing part is shown in Fig. 7.
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Figure 7: SSIMULINK Mode of the Vision Algorithm

5. SIMULATION OF QUADROTOR LANDING

The quadrotor is expected to land precisely on the coordinates defined on the marker. The vision sensor
fetches complete information of the marker as it descends. With the marker being within the field of view
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of the camera, it is smpler for the quadrotor to locate it. While designing the marker, the centroid of the
triangle and the circle are made the same for a purpose that the quadrotor need not change its path while the
circle acts as amarker and gives it avision feedback. With the help of image centre and marker centroid,
the quadrotor is calculates its position error P_ (X, y). The image acquired is of 1024 x 768 pixels size.

Xx=512—-dx & y= 384—-dy (24)
where dx & dy give the difference in the centroid positions which is calculated between the image centre
and the marker centroid. Landing of quadrotor refersto controlling of position P_ (x, y) and angular position
i.e pitch and roll. The initial condition of the quadrotor is such that the marker is in the field of view of
vision sensor. The angular positions, ¢ and 6 are controlled by the outer loop controlling positional error
through vision. The dltitude of the quadrotor is controlled using mapping of magnification of the marker to
the altitude. The quadrotor starts descending only after finding the centroid at the first instance. Following
this, the descent of the quadrotor is independent of the position error until it reaches a height of 1 m above
the marker. At this point, the quadrotor hovers above the marker until the position error is corrected to a
minimal value of 0.01 min both x & y coordinates. The block diagram in Fig. 8 illustrates the quadrotor
control.

Plant/Quadrotor

Conversion to Position control
Z position error algorithm

Conversion to x,y Position control Motion Control R
Frame Center position error algorithm Pitch & Rol C 3 Algorithm Drive circuit "l
demand

Reference

Actuator

IMU sensor feedback

Pitch & Roll error Pose of the copter

Mapped signal output Image Analysis mage processing
Image Center Co-ordinates

Relative Pose of the marker and copter

Figure 8: Vision in the Loop Control for Quadrotor L anding

5.1. Simulation Environment

The simulation of the quadrotor landing system using avision sensor isignoring the aerodynamic parameters
like wind, air drag and other external conditions. The simulation demonstrates the landing of the quadrotor
when the control loop is given the position error and also aims to link the image data which gives the
position error with the quadcopter model.. The outer controller is responsible for taking in vision feedback
from vision sensor and generating output.The inner control loop is directly responsible for controlling the
actuators i.e. BLDC motors by taking in the motion and orientation feedback from the quadcopter. The
simulation is performed in a cartesan space whose size is given as follows:

-3m< x<3m
-3m<y<3m (25)
0<z<6m
The descent of the quadrotor begins from a height of 6m considering the fact that the marker is fully
visible in the cameras’ field of view with well-defined boundaries within this region. The descent rate is
independent of the poistion error P_(X, y), i.e. that descent continues as long as the quadrotor reaches the
ground. Fig. 9 shows the two frames from the simulation of the landing of the quadrotor.

5.2. Descend Control Simulation

The descent control of the quadrotor depends on three control loops. The control system block diagram,
Fig. 8 represents the control loops in the quadrotor. These loops are X,Y position control loop, Pitch and
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Figure 9: Simulation of Quadrotor Landing

roll control loop and the Z error coontrol loop. Each of the control loop are aimed to work with theinformation
of the position P_(X, y) the orientation in terms of angular postion which isthe pitch and roll of the quadrotor
and the descent above the z-axis.

5.2.1. X, Y position control loop

The position control loop depends on theinstantaneous position error P_(X, y) whichiscalculated by keeping
Vision Inloop so that the error signal is generated intheform of pixels. It then convertsit into position error
which is fed to the controller. As per figure(1), image is acquired through the camera mounted on the
guadrotor and the image is analyzed to detect the properties of the marker. The position of the marker in
pixelsis then fed as feedback to the x, y position control loop. The error signal isthen converted to metric
unit which is then fed to position controller. The position controller generates output that is further fed to
control the pitch and roll of vehicle.

5.2.2. Pitch and roll control loop

Motion control loop isthe inner loop of the system which is responsible for controlling the Pitch and roll of
guadrotor. As per Fig. 8, the pose related information is given asthe feed to the loop through inertial motion
unit (IMU). The pitch and roll signal demand signals generated through the outer X, Y position control loop
is compared to the feed signals from the IMU. The generated error signal is fed to the motion controller.
The output of motion controller is then converted to motor signals through drive circuit and is used for
actuation of rotorsin the system.

5.2.3. Z position control loop

Z position control loop is responsible for controlling the altitude of the quadrotor. As per Fig. 8, image is
acquired through the cameramounted on the quadrotor and analyzed to detect the properties of the marker.
The function of magnification of marker and altitude information is pre-fed to the vehicle. Based on this
information, theimage analysisblock generates mapped signal output whichiscompared with the reference.
Theerror signal generated isthen fed to position controller. The position controller generatesthrust control
signals. These signals control the altitude of the quadrotor. The vision sensor feed helps in the landing of the
guadrotor only till the circular portion of the marker is in the field of view of the vison system. Beyond
0.20m height the quadrotor will be unable to view the inner circular marker asit startslosing the complete
image of the circle, post which the quadrotor descends on its own without vision in the loop. Thisis when
the quadrotor purely relieson the previous set or defined position errors and continues to descend assuming
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no further changes in the coordinates of landing. The descent beyond thisisinitiated only after the position
error is corrected to lie within 0.01m.

6. CONCLUDING REMARKS

This paper addresses the issue of quadrotors landing method method in a simulated environment using
MATLAB and SIMULINK. The explainations can be applied to any existing quadrotor, as the model is
based on the simulated results which can be altered as per the requirement. The experiments were conducted
in a closed environment which excludes the illumination paramaters. The aerial vehicles are being upgraded
at a very fast rate, it demands landing stations for various applications like charging, establishing
communication with different landing station and the ground station, instant take off and landing, this
makesit simpler for landing. Thisisclaimed asthe significant contribution of the paper to the open literature.
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