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Abstract—In this paper, research was done to see how cable
elasticity affects the behaviour of a quadrotor Unmanned Aerial
Vehicles (UAVs) carrying a slung load. The research consists of
two main steps. In the first step, a non-linear model was derived
using the Newton-Euler method. This resulted in the rotational
and translational equations of motion of the system. The model
was then simulated and validated using Simulink. The second
step was to design a controller for the UAV. This was done by
finding the equilibrium for hovering, which is used as a basis
for the linearization of the non-linear system. The linearization
resulted in the Jacobian matrix A and input matrix B, these were
validated using the linmod function. With this A and B matrix,
an LQR controller for the system was designed and implemented
in Simulink. The controller was the tested by letting it track a
certain position and a circular path.

I. INTRODUCTION

Multi-rotor Unmanned Aerial Vehicles (UAVs) have been
applied for load transportation, such as package delivery. In
the future it might even be applied in flying taxis. However,
attaching load, especially those with large sizes, directly
underneath the UAV can disturb the airflow detrimentally and
can consequently reduce the aerodynamic efficiency. The sling
load operation is a solution to tackle this issue, in which the
load is connected to the UAV through a tether. Literature
already tackles this problem by neglecting the elasticity of
the cable, treating it as a rigid link, hence lacking accuracy.
[1]] [2] There has also already been research done into elastic
slung loads, but these make use of non-linear control strategies
to control the system. [3[]. Although there has been a lot
of research, there is no literature about linear control for
these dynamic systems. In order to know more about how the
elasticity of the cable affects the system behaviour, consider
that the system consists of a single quadrotor (UAV), a point-
mass load, and an elastic cable. The load and cable can be
simplified as a mass-spring-damper system. This brings about
the following question: "How does the elasticity in the cable
affect the system behaviour of a quadrotor UAV". In this paper
a non-linear model is derived. This model was then linearized
and used to design an LQR controller.

II. DYNAMIC MODEL

To derive the dynamic model, the free body diagram is
used. For this derivation a couple of simplifications were made
namely:

o The elastic slung load is connected to the centre of mass
(COM) of the quadrotor

o The frame of the drone is considered rigid

o The load is considered a point mass

The system to be considered is a quadrotor which is carrying
an elastic slung load. The load is modelled by a point mass
connected with a spring damper to the centre of the UAV. In
figure [T] the free body diagram of the model is shown. With
the Q and T vectors showing the reaction torque and thrust
respectively. The rigid frame is sketched by a black cross and
the force due to the cable is shown as Fi,pe. In this paper,
two frames will be considered the (right hand) reference frame
denoted by subscript "¢’ and the (right hand) body fixed frame

(BFF) which is rigidly connected to the centre of mass of
the UAV, with the x- and y-axis being on the frame of the
quadcopter.
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Fig. 1. Free body diagram of the system

To be able to describe the system’s motion, the position of
the UAV and point mass were taken at the COM expressed in
the reference frame. This is expressed by the vector:

Pe = [mvayvazv;xwypvzp]T (D

To derive the dynamic equation the Newton Euler method is
used. [4]] The translational equation of motion can be described
by using the sum of forces acting on the system in the
reference frame. To convert between the body-fixed frame and
reference frame a rotation matrix can be constructed such that
re =° Rprp. One way to describe this rotation is with the
Euler angles, in this paper the Z-Y-X [5] order is used. Here,
the angles ¢,0 andt correspond to rotations around the Z-, Y-
and X- axis. The derivation for this can be found in appendix
Bl

cpcl  cspsh — cos  sso + cpepsh
*Rp = |cOsyp  ciocp + sspsh  copsipsh — cipso 2)
—s0 clso ccl]

Here, the s and c stand for sine and cosine respectively. To
convert from reference to BFF the transpose of this rotation
matrix is used.

A. Translational

Now that all the forces can be described in the reference
frame, the translational equations of motion become:

[3] Here M denotes the mass matrix described by:
Myl3z3  O3x3
M = 4
[ Osx3 mpfsx:s] @

With F, describing the forces due to gravity, F; describing
the forces due to thrust and F, describing the tension force



that is applied by the cable to the UAV and payload.
The thrust force is in the positive z- direction in BFF and thus
needs to be rotated back to the reference frame using equation
The trust generated by the rotors can be described by the
use of aerodynamics where the thrust for one of the rotors is
proportional to:

T; = cp * w? (@)

The total thrust produced by the rotors can be calculated by:
(4]
Ty = S{ T = cp i w? (©6)

The thrust is always in the z direction in BFF resulting when
rotated back in:

(spsth + copcsh) T
(cosibst — cirsd) T
po=| (O ™
0
0

The force due to gravity is always pointing down in the
reference frame from the COM of the UAV this then gives:

0
0

; ®)

—1Mpg
The tension force in the cable is modelled as a spring damper
resulting in a mass spring damper system. The force that the
cable is acting on the mass is negative to the force acting
on the UAV due to Newton’s Third Law. This results in the
following:

(ka(l — o) + cquy)@
—(ka(l =) + cqu.)é

In equation k, is the axial stiffness of the cable and ¢,
is the dampening coefficient. [y represents the initial length
of the cable and 1 is the actual length of the cable which
can be described by: |[rp — ry|| here rp = [z,yp2,]T is
the absolute position of the payload and ry = [x,yvzy]T is
the absolute position of the UAV. v, is the absolute relative
velocity which is described by: v, = (rp — ry) - & To get
the forces in the corresponding direction the tension force
is multiplied by the unit direction vector & = "2 where

L= /(@p = 20)? + (Yp — y0)? + (2p — 20)2. [3]

B. Rotational

F. = ©))

The rotational equation of the UAV stays the same as for
a normal UAV this is due to the assumption that the cable is
connected to the COM of the UAV. This makes the rotational
equation equal to:

D Us D D
Iq| =|Us| —|q| xI|q (10)
T U, r r

In equation [T0] the I stands for the inertia matrix which is:

L. 0 0
I=|0 1, O (11)
0 0 I.

The p, q and r are the rotations around the BFF axes. For the
inputs U2 U3 and U4 are considered which are the moments
around the x-, y- and z- axis of the BFF respectively. The
rotors create a reaction torque on the airframe which can be
modelled by:

Qi = cqui (12)

This will generate a certain torque around the z- axis of the
BFF. The moments around the x- and y-axis can be achieved
by increasing and decreasing the thrust on opposing sides,
because the thrust difference between the rotors times the
distance will cause a moment around the axis. The moments
around the BFF are summarized in equation

2

Uy 0 dey 0 —de 5;
Us| = |~de: 0 de 0 | |13 (13)
Us —cq cQ —c@ cqQ 3

Wy

During the simulation, the Euler angles are needed, but the
physics only determines the rotations around the axis, so a
mapping is needed between the rotational rate and the Euler
angles. This can be achieved by considering only a small
change in the Euler angle and inspecting what the influence
is on the rotational rate. This results in the mapping shown in

equation

P 1 0 -—s0] [¢
ql =10 cop socl| |6 (14)
r 0 —s¢ copcl]| |4

To find the Euler angle rate as a function of the rotational
rate, the inverse of this rotation matrix is taken resulting in

equation [I3] [5]

(é 1 sotd cotf] [p
0| =10 co —so||q (15)
o bos sl

III. HOVER EQUILIBRIUM

The next step after deriving the dynamic equations, is to find
the equilibrium for hover. To find the equilibrium for hovering
it is needed to have the accelerations, velocities and Euler
angles equal to 0. This simplifies equation [3] to equation [I6
This causes the vector € to simplify to only a z-component,

. . T
which results in [0 0 1]

0 0 0 0

0 0 0 0

0 . —Mmyg TE ka(l — l())

ol = o |T|ol|™" 0 (16)
0 0 0 0

0 —myg 0 —ka(l —lo)



This system of equations can be solved by solving for 1 in the
last row resulting in equation [T7] This can then be substituted
back into the third row which then is simplified to equation

L9
_Mpg

= l 17
ko +lo a7
—mvg+Tz+ka(—"Z”g+lo—zo):o (18)
F, = (my+mp)xg (19)

This is the required force in the z-direction for a hovering
flight. To find the rotor speeds required for this force equations
[6] and [T3] are used. Resulting in the following set of system of
equations:

ct(Wi +wi + w3 +wi) = (my, +my) xg (20)
dei(wi —wi) =0 21

dey(w? —w2) =0 (22)

deg(—wi +wh — w3 +wi) =0 (23)

The required rotor speeds all need to be the same following
the last 3 equations. Solving the first equation results in:

(Mo +myp)g
Ct

W] =Wy = W3 = Wy = (24)
The stationary point around which the equilibrium for hovering
can be calculated then follows from finding the steady state
of the system. This can be achieved by using the required
rotor speeds as input for the simulation. This will then give
the steady state coordinates for the UAV and payload. This is
simulated using the matlab script described in appendix
00 2 0 0 zp]” (25)

A. Validation

To validate if the designed non-linear system and hover
equations are correct, two Simulink simulations were made.
The first simulation implements the previously described equa-
tions of motion. The second simulation makes use of the 6 DoF
(Euler angle) block out of the aerospace toolbox. This block
uses a different convention for the BFF-axis, namely with the
z-axis down. To account for this, all forces and moments are
rotated by an angle 7 around the x-axis resulting in a rotation
matrix:

1 0 0
6DoFp. — 10 —1 0 (26)
0 0 -1

During these simulations, all initial conditions were set to O
except for the 2z, = 2,55 and the z, = z,s,. The variables
used are shown in table [II-Al

First, it is verified that it will fall down when there is no
input to the system. As can be seen in figure 2] only the
z-coordinates of payload and the UAV change. As can be
seen in the left and right-hand side of the figure the two
graphs are exactly the same. Then to verify if the spring

Parameter | Value | Parameter Value

Mv [kg] 10 ka [N/m] 100

Mp [kg] 10 ca [Ns/m] | 10

g [m/s?] | 9.81 ct 0.1

I [kgm?] | 0.01 | cq 0.5

10 [m)] 1 d [m] 1
TABLE T

USED PARAMETERS IN THE SIMULATION

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
time(s)
6DoF

. . . . . . . . .
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
time(s)

Fig. 2. System response with no input

damper connection is working, the input is set to the value that
returns from equation [24] The payload and UAV should start
oscillating around their equilibrium position. The dampening
effect is first neglected to see if the spring is working. As
can be seen in figure [3] this corresponds to what happens;
the sinusoidal signal keeps the same amplitude and the force
between the UAV and payload is inverse as the z, and z, go
in the same rate but, in negated direction.

To see if the dampening is functioning well the ¢, term is
now included. This gives the graph shown in figure ] This
shows that as time progresses that an equilibrium is reached
in the z-direction and eventually the velocities go to 0.

The mass spring damper subsystem is now verified together
with the rotational part. This is achieved by considering each
axis separately and seeing if it acts correctly. First for every
axis a negative moment is applied around this axis in BFF. So
first a negative moment is put around the Y-axis. This should
cause the Euler angle around y, the height of the UAV, the
height of the payload and the value of z, and x, to start
decreasing as the input force stays the same. This is the same
behaviour that can be observed in figure [5] The top left shows
the result from the equations of motion and the top right shows
the 6DoF implementation. The bottom graph is the two graphs
plotted on top of each other such that it can be seen that
the values are the same. This is also checked with a positive
moment and then for the Y and Z axis. This is shown in

appendix [A]
IV. CONTROLLER

A Linear Quadratic Regulator (LQR) controller was chosen,
because it is widely used due to it finding the optimum control
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Fig. 4. System response with dampening

for linear systems. To design such a controller, it is needed that
equations [3] and [I0] are in the form of equation [27] and 28]

27)
(28)

= Az + Bu
y=Cx+ Du

A. Linearization

The derived system is still non-linear while the LQR con-
troller is applicable to linear systems. However, it is still
possible to apply this control theory to a non-linear system by
linearizing it around a specific point. This changes the state
space equations to:

Ax = AAx + BAu
Ay =CAx + DAu

(29)
(30)

[6] The linearization will be done around the equilibrium
position for which equations were derived in section

T, — 2}

Ax = 31)

*
Tn — Ty,

Here the x* is the equilibrium point. The same holds for the

input u, where u* is the equilibrium for hovering resulting in
equation 32]

Uy — uj

Au = (32)

£
n

Uy — U
These new coordinates are the variations away from the
equilibrium point. These can be seen as the new states, control

inputs, and control outputs. To find the Jacobian matrix, a
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Fig. 5. Negative moment around Y-axis

partial derivative is taken over the different equations of
motion with respect to all the states. This can be written down
as in equation [33] Matrix B can be derived by taking the partial
derivative of f with respect to the input. The function f stands
for the derivative of the states so f; = 41 until f,, = &,, where
n is the number of states

of of
A=— B=— 33
ox ou (33)
(6]
To linearize the model, the next step is to choose the states.
The chosen states are:

X = [l‘v, Yvy Zvy Tpy Yps Zpsy Ty Yos Zv,s ipv ?J;n ép7p7 q,T, ¢7 97 w]

The state function f results in the following:

7 = 2, (34
To = 1, (35)
— (36)
o (37)
Ts5 = Y (38)
do = 7, (39)

1
Ty = mi ((5¢5¢—|—C¢C¢SQ)TE + k’a(l — lo)égg —|—Ca1}7~€;c) (40)

1
Zg = m—((cqﬁswsﬂ— cpsd)Ts +ka(l—lo)€y +cavréy) (41)

1
Zg=—g+ mi((CQSCH)Tz +ka(l = lo)e. + cavp€,)  (42)
. 1 N .
T10 = mip(—k'a(l — lo)ex - Cavre;c) (43)
o1 . -
11— = (—ka(l = lo)€y — cavr€y) (44)
mp
1
xi2 = —g + 7(—ka(l - lo)eAZ - CavreAz)) (45)
My

vig = L2 oy = Lz)ar (46)

IZEE



Cig = Us + (Iz;yy Lpz)pr @7
oy = Uit (Ix;zz— Iyy)pq 48)
Ti6 = p + rcyt + gsysd (49)
ri7 = qcp —rsy (50
Tig = r% + q% ShH

For the linearization, the equilibrium point xx =
[0,0,2.5,0,0,0.5,01x12] and ux = [(m, + m,)g,0,0,0] the
result of this is shown in appendix This was calculated
using the script in appendix [D} For the validation, the function
linmod is used which can linearize a Simulink system around
a specified equilibrium point. When the theoretically derived
equations are correct the A and B matrix results should be
the same. This is the case as can be seen in appendix section

and [E2
B. Controllability

To see if the system is controllable, the controllability matrix
is calculated which is specified as equation [52] The system is
then controllable when the rank of matrix C is equal to the
number of states.

C=[A A%. A"B] (52)

[7] This was then calculated using Matlab with the code from
appendix [E] This gave that the system was full rank and thus
fully controllable.

C. LOR synthesis
The goal of an LQR controller is to find the optimal control
by minimizing J in equation [53] [8]]
o0
J = / (X' Qx, + u” Ru)dt (53)
0
Here, Q is a nxn matrix where n is the number of states
and R is an mxm matrix where m is the number of inputs.
Here Q is chosen to be an nxn identity matrix. In figure [6] the
implementation of the controller is shown. Here a reference
state can be given as input to the system.

X
18x1]| equilibrium point

Fig. 6. Controller implementation in Simulink

D. Position control

When implementing the controller as in figure [6] it has
a large steady-state error when moved away from the equi-
librium position. To solve the steady-state issue an integral
feedback is used. In this problem, the payload must stay at
a certain position or track a trajectory. The implementation
works by introducing three extra states in the controller which
will be the integral of the position of the payload. This can
be described by equations [54] [9]

Tp
V:/ Yp | dt

Zp

(54)

By augmenting the state vector with this, the new state space
model becomes equation Here G = [03.313,3] which
ensures that only the payload position is integrated.

X _ A Olgrg X B
Fl =l Bl
The control input is also changed to:
uK[X_“} (56)
V — Vryef

vrer 18 the desired position of the payload, therefore the
control input to the system is changed to ugppricd = U + u™.
In figure [/| the implementation is shown in Simulink.

eeeeeeeee

Fig. 7. Integral LQR controller in Simulink

V. RESULTS

To see how the controller performs, tests are done. First,
the LQR controller will be tested for its ability to control it
around a hover position. Second, the improved controller with
position control is tested by flying it to a certain position in
space. At last, it is tested if the controller is able to let the
package trace a circular trajectory.

A. LOR

For the first test, the reference is set at 0 and there are
no disturbances present. The LQR controller was designed
with Q = Iig;18 and R = Iy,4. In figure E] the response
of the system is shown after about 5 seconds it has reached
its equilibrium position and is stable here.

To check whether the controller is robust, disturbances are
introduced in the form of Gaussian noise. These are included
as forces around the payload in x, y and z directions. As can
be seen in figure [O] It is able to keep the x and y within
0.25[m] of the origin. But it is also able to control the z of
the payload and of the UAV within a tolerance of 0.25[m]
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Fig. 9. Controller performance in hover with disturbance

around its equilibrium position. What also becomes evident is
that in both cases the controller is not able to compensate for
the oscillations caused by the initial conditions.

B. Position control

For this simulation, the initial length of the rope [y is
increased to 10 [m]. The reference point of the payload is
set at [3,5,2]. For the LQR controller, a Q was used of

Iigz1s O18z3
=100
@ {Osms 1001343

figure [I0] What can be seen is that the payload reaches the set
point in about eight seconds in which the steady-state error is
zero. Here, it can also be seen that the oscillations caused by
the mass spring damper system are not controlled well in the
beginning.

and a R = I4,4. This resulted in

C. Tracking a circular trajectory

To see if the designed controller is able to make the payload
trace a circular trajectory with a radius of 5[m], the reference
is changed to z.; = 5[m| and the .y = 5 * sin(t)[m] and
Yref = D cos(t)[m]. In figure |11} the result is shown. In this
figure, the cross corresponds to the UAV at a certain time and
the o to the position of the payload in time. The corresponding
times are connected via a line which is the cable. As can

Position tracking

height(m)

time(s)

Fig. 10. System response when flying to setpoint [3,5,2]

Payload tracing a circular trajectory
—+—UAV

&— Payload

Fig. 11. Payload tracking a circular reference

be seen, it is able to follow the circle quite well after it has
stabilized.

VI. DISCUSSION

The designed controller is able to converge to the desired
position quite well. The downside is that it does not take
care of the initial oscillations of the system after these have
damped out, then it has no problem controlling the location
of the payload. The reason it is not able to take care of these
oscillations is probably due to it being linearized around a
certain position and that it does not include these dynamics. To
solve this issue more research has to be done into for example
non-linear controllers or gain scheduling LQR.

VII. CONCLUSION

The paper presented a detailed model of an UAV carrying
an elastic-slung load. For this system, the equilibrium for
hovering was determined as well as a linearized state space
form. On the basis of this linearized state space, a LQR
controller was designed to keep the UAV at its hover position.
With the LQR controller a steady state error was experienced,



this was solved by introducing an integral feedback on the
position of the payload. This was then tested by letting it
hover at a point outside the equilibrium and tracing a circular
trajectory which was succesfull. This paper was based on the
following research question: "How does the elasticity in the
cable affect the system behaviour of a quadrotor UAV". It
can now be said that taking the elasticity into account can
lead to new interesting trajectories by the controller being
able to utilize the elasticity for getting to the desired position
quickly. For future work, it would be interesting to look
into the possibility of using trajectory tracking by either a
gain-scheduling LQR controller or a non-linear controller and
exploring a wider range of different types of cable.
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APPENDIX

A. Validation of the equations of motion
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Equations 6DoF

height(m)
. o
height(m)

States = transformTo2DArray (simOut.States
.Data) ;
EgPoint = States(:,length(States))

D. Finding the A and B matrices
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Fig. 14. Negative moment around Z-axis
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Fig. 15. Positive moment around Z-axis

B. Rotation matrix

%Rotation matrix
syms theta phi psi

Rz = [cos(phi) sin(phi) 0; -sin(phi) cos/(
phi) 0; 0 0 17;

Ry = [cos(theta) 0 -sin(theta); 0 1 0 ;
sin (theta) 0 cos(theta)];

Rx = [1 0 0; O cos(psi) sin(psi); 0 —-sin(

psi) cos(psi)];
Rb = RxxRy*Rz;
Re = transpose (Rb) ;

C. Find equilibrium

$matlab visualization

model = 'ModelFindSteadyState'; %
Vervang 'naam_van_je_simulink_model'’

door de werkelijke naam van je
Simulink-model

load_system(model) ;
% Simuleer het model

simOut = sim (model,
SrcWorkspace',

'StopTime', '60', '

'current');

Syms X_V Y_V Z_V X_P V_p z_p x_dot_v
y_dot_v z_dot_v x_dot_p y_dot_p
z_dot_p phi theta psi Ul U2 U3 U4 ca
ka mv mp g Ixx Iyy Izz I 10 p g r

RR = [1 0 -sin(theta); 0 cos(phi) sin (phi
) xcos (theta) ;0 —-sin(phi) cos (phi) *cos(
theta) ]%[cos (theta) 0 —-cos(phi) *sin(
theta); 0 1 sin(phi); sin(theta) 0 cos
(phi) xcos (theta) ]

U = [U2; U3; U4];

par = [pig;rl;

Is = [Ixx 0 0; O Iyy O; 0 O Izzl];

dotpgr = inv (Is)* (U- cross (pgr, (Isxpgr)))
Rinv = simplify (inv (RR))
dotphithetapsi = Rinv*pgr

vr = [(x_dot_p-x_dot_v);
); (z_dot_p—-z_dot_v) ]

1 = sgrt ((x_p—-x_Vv) "2+ (y_p-y_Vv) 2+ (z_p-z_vV
)~ 2)

ek = 1/1*[xX_p—-X_V;Y_P-Y_V;Z_p—2z_V]

vrk = dot (vr,ek) xek

(y_dot_p-y_dot_vw

syms theta phi psi

Rz = [cos(psi) sin(psi) 0; —-sin(psi) cos/(
psi) 0; 0 0 1]

Ry = [cos(theta) 0 -sin(theta); 0 1 0 ;
sin(theta) 0 cos(theta)]

Rx = [1 0 0; O cos(phi) sin(phi); 0 —-sin(
phi) cos (phi) ]

Rb = Rx*Ry*Rz
Re = simplify (inv (Rb))

vUl = [0;0;U1];

FUl = RexvUl

eql = x_dot_v; % Eq for x_dot_v
eq2 = y_dot_v; % Eqgq for y_dot_v
eq3 = z_dot_v; % Eg for z_dot_v
eq4 = x_dot_p; % Egq for x_dot_p
egb = y_dot_p; % Eq for y_dot_p
eq6 = z_dot_p; % Egq for z_dot_p

eq’ 1/mvx (FUL (1) +ka* (x_p—-x_v) —kax10x* (
X_p-x_vV)/ (sqrt ((x_p-x_Vv) "2+ (y_p-y_V)
"2+ (z_p-z_v)"2))+ca*xvrk(l)) %Eq for
xdotdotp

eg8 = 1/mvx* (FU1 (2) tka*xy_p-kaxy_v— ka*x10x* (
Vv_p-y_v)/(sqrt ((x_p—-x_Vv) "2+ (y_p-y_V)
"2+ (z_p-z_v)"2))+tcaxvrk(2)) %Eqg for
ydotdotp




-g + 1/mvx (FU1 (3)+ka*z_p-kaxz_v+cax
vrk (3) - ka*x10+* (z_p-z_v)/ (sqgrt ((x_p-—
X_V) "2+ (y_p-y_Vv) 2+ (z_p-z_v)"2))) %

for zdotdotp

eqlO —-1/mp~* (ka* (x_p-x_v)-kax10* (x_p—-xX_Vv
)/ (sqrt ((x_p—x_v) "2+ (y_p-y_v) "2+ (z_p-—
z_v)"2))+caxvrk(l)) %Egq for xdotdotwv

eqll =-1/mp~* (kaxy_p-ka*y_v—- kax10x* (y_p-—
y_v)/ (sqrt ((x_p—-x_v) "2+ (y_p-y_Vv) "2+ (
z_p-z_v)"2))+caxvrk(2)) SEqg for
ydotdotv

eql2 =-g + 1/mp~* (- (ka*xz_p-kaxz_v+ca*vrk
(3) + — kax10*(z_p-2z_v)/ (sgrt ((x_p-x_v
) A2+ (y_p-y_v) "2+ (z_p-z_v) “2)))) %EqQ
for zdotdotwv

eq9

Eq

eql3 = dotpgr(l) % Eg for pdot

eqld4d = dotpgr(2) % Eg for gdot

eqlb = dotpgr(3) % Eg for rdot

egl6 = dotphithetapsi(l) % Eg for phidot
eqgl7 = dotphithetapsi(2) % Eg for

thetadot
eql8 dotphithetapsi (3) Eq for psidot
xdot = [egl eg2 eg3 eqg4 egb egb eg’7 egl
eqg9 eql0 egll eqgl2 egl3 egld egl5 eqglé6
eql7 eql8]

= o
= °

X =[xV VYV VvV ZVXpVyp zp x dot_v
y_dot_v z_dot_v x_dot_p y_dot_p
z_dot_p p g r phi theta psi]

u = [Ul U2 U3 U4]

z0 = 2;

A = jacobian (xdot, x)

A = subs (A, [Ixx,Iyy,Izz,Ul,ca,ka,l10,mp,mv
,P,phi,psi,q,r,theta,x_p,x_Vv,y_p,y_V,
z_p,z_v, x_dot_p,x_dot_v,y_dot_v,
y_dot_p,z_dot_p,z_dot_v
1,[0.01,0.01,0.01, (Mv+Mp)
*9.81,10,100,1,Mp, Mv
,0,0,0,0,0,0,0,0,0,0,0.5,2.5,0,0,0,0, @&

var = vpa (A)

A = double (A7) ;

B = jacobian (xdot,u)

B = subs (B, [Ixx,Iyy,Izz,mp,mv,phi,psi,
theta], [0.01,0.01,0.01,Mp,Mv,0,0,017)

B = double (B) ;

C = ctrb (A, B)

rank (C)

E. Find controllable states

C ctrb(a,b)

rank (C)

Determine the controllable states

Determine the controllable states for
each input

o
°
o
°
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controllable_statestilll = false (1l
controllable_statestill2 = false (1l
controllable_statestill3 = false (1l
controllable statestilld = false (1l
controllable_statestill5 = false (1
controllable_statestille = false (1l
controllable_statestill7 = false (1l
controllable_statestill8 = false (1l
controllable statestill9 = false (1l
controllable statestilll0 = false(
controllable_statestillll = false(
controllable_statestilll2 = false(
controllable_statestilll3 = false(
controllable statestilll4d = false(
for 1 = 1:18
controllable_statestilll (i) =
(1:4, :)) == 1;
controllable_statestill2 (i) =
(1:4, :)) == 2;
controllable_statestill3 (i) =
(lsd, s8)) == 33
controllable_statestill4d (i) =
(L:i, :)) == 4;
controllable_statestill5 (i) =
(1:4, :)) == 5;
controllable_statestill6 (i) =
(Lsd, ) == 6;
controllable_statestill7 (i) =
(l:i, :)) == T7;
controllable_statestill8 (i) =
(1:14, :)) == 8;
controllable_statestill9 (i) =
(1:4, :)) == 9;
controllable_statestilll0 (i) =
(1:14, :)) == 10;
controllable_statestillll (i) =
(1:1, :)) == 11;
controllable_statestilll2 (i) =
(LTed, @) == 12;
controllable_statestilll3 (i) =
(1:14, :)) == 13;
controllable_statestilll4 (i) =
(l:i, :)) == 14;
end

o)
°

Display the results

disp('States controllable by input
disp (controllable_statestilll);
disp('States controllable by input

disp (controllable_statestill?2);

disp('States controllable by input
disp (controllable_statestill3);
disp('States controllable by input

disp (controllable_statestilld);

(
(
(
(
(
(
(
disp('States controllable by input

rank (C

rank (C

rank (C

rank (C

rank (C

rank (C

rank (C

rank (C

rank (C

rank (C

rank (C

rank (C
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disp('States controllable by input 6

disp (controllable_statestillo6)
disp ('States controllable by input 7

disp (controllable_statestill?)
disp ('States controllable by input 8

disp (controllable_statestill8);
disp('States controllable by input 9

disp(controllable_statestillh);
disp (controllable_statestill9)

i)

disp('States controllable by input 10

disp(controllable_statestilllO);

')

disp ('States controllable by input 11

disp(controllable_statestillll);

578

disp ('States controllable by input 12

disp(controllable_statestilll2)

4

P1)

disp('States controllable by input 13

disp (controllable_statestilll3);

2") 8

disp ('States controllable by input 14

disp(controllable_statestilll4)

4

F. Linearization

1) Result from equations
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2) Result form linmod
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