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signal of the designed angular velocity controller, transforming it into an
adaptive controller. The entire UAV controller comprises two main parts,
an inner loop for adaptive angular rate control and an outer loop serving
as an attitude-thrust controller. The proposed controller is simulated us-
ing Simulink, with circular and square trajectories. The simulation results
demonstrate that the quadcopter successfully follows the desired circular
and square paths. The steady-state error for the x and y axes in the square
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1. Introduction

Quadcopters have been used as favorite vehicles to perform tasks which are dangerous or impos-
sible for humans to complete, such as photography, agriculture, surveillance, communications, search
and rescue operations, and military applications [1]-[4]. Within these operations, handling heavy
payloads and stabilizing horizontal and altitude tracking positions in predefined areas are the most
significant applications. To achieve these tasks, several control algorithms have been reported in the
literature [5]-[8]. The most common techniques are to control the quadcopter by linearizing the dy-
namic model around a hovering point and applying PID control techniques to allow UAV to follow the
desired paths as reported in [9]-[13]. This controller performs well for a step-desired path but strug-
gles when the trajectory deviates from the linearized point such as curving path. Nonlinear control
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algorithms such as feedback linearization, backstepping, sliding mode, model predictive controller as
studies in [13]-[22] employ complex computational approaches like the Lyapunov function to ensure
the errors of desired states asymptotically approach zero. Despite studies reporting the effectiveness
of these controllers for quadcopters to follow complex paths in simulations and physical experiments,
it is challenging to tune values that make the errors of the states approach zero while adhering to the
Lyapunov concept. Moreover, it is not adaptive when desired paths change. It is observed that all
the mentioned controllers, the structure of UAVs is symmetric, allowing the decoupling of moment
inertia to be canceled out, which simplifies the dynamic model calculation. No studies report the
control of rotational dynamic motion by any controllers. However, in practice, tracking performance
of quadcopter always suffers from uncertain parameters such as non-symmetry of structure design
or small structure deformation during operation which cause the decoupling of inertia occurring in
rotational dynamic motion, variation of payload with time caused by wind, changing paths or other
external disturbance.

The core controller in study is the adaptive controller for rotational dynamic model of UAV
where its structure is assumed to be non-symmetric or small deformation occurring during operation.
The rotational dynamic model of UAYV is derived for angular velocity. Then it is simplified as first-
order linear differential equations, where their coefficients are lumped relevant parameters such wind
disturbance, inertia or gyroscopic effect and they behave random walking. A PI controller is proposed
to control the simplified equation. To estimated those lumped parameters which are changing, the
derived models are remodeled into nonlinear differential equation of processing model and measuring
model. The states of the remodels are to be estimated by the unscented Kalman filter (UKF) during
operation to use for tuning PI gains and to compensate the signal for angular velocity controller to
be adaptive. These PI gains and compensated values are changing according to the estimated values.
This responds to the mentioned uncertainties and it is also enable UAV to track different paths without
changing the controller gains. In this adaptive controller, the real model is preferred rather than the
simplified model.

The first contribution of this work is the derived rotational dynamic model and the first-order
simplified differential equation with the coefficients as lumped parameters. The second contribution
is the remodels of the simplified models for estimating the lumped parameters and the adaptive con-
troller that controls the angular velocity of the UAV to perform in three axes simultaneously. The
third contribution is the whole control system of the UAV that allows it to carry heavy payloads and
track many paths without changing the controller gains. .

The next parts of this paper are organized as follows. In Section 2, coordinate frame, trans-
formation matrix and derived rotational dynamic model of the UAV are established with lumped
parameters. In Section 3, the control system for the rotational dynamic model is presented, following
by implementation of UKF algorithm. The derived equation is remodeled to estimate the lumped
states and parameters for designing an adaptive control system for UAV to maneuver in three axis
simultaneously. In section 4, the entire process for designing controller is described. In Section 5, the
performances of the designed control system are assessed and the estimated parameters are discussed.
Conclusion is given in Section 6.

2. Flight Dynamics of Quadcopter

Quadcopter is a type of UAV that is able to fight vertically, forward, backward, rightward, left-
ward and hover by using the speed of four propellers to produce thrust and torques about x, y and z
axes. In this study, the four propellers are placed on (z — y) plane in cross-configuration as depicted
in Fig. 1. To eliminate coupling, the first and third propellers are paired and set to rotate in the same
anticlockwise direction, while the second and fourth propellers are paired and set to rotate in the same
clockwise direction. To manipulate the four typical maneuvers of quadcopter motion, the speed of
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each propeller is controlled as followings. For vertical motion, the speed of the four propellers is
increased or decreased to produce thrust that is greater or less than gravity. Backward and forward
motion are manipulated by increasing the speed of the second and third propellers faster or slower
than the speed of the first and fourth propellers. Rightward and leftward motion are manipulated by
increasing the speed of the first and second propellers faster or slower than the speed of the third
and fourth propellers [23] and [24]. In this study, the quadcopter is assumed to be non-symmetric
structure and may be deformation during operation, which cause the inertia decoupling and cannot
cancel out for rotational dynamic motion. Also, the center mass gravity of the quadcopter is assumed
to coincide with the center of geometry.

2.1. Coordinate Frames and Kinematic Equation of Motion

Motion of a quadcopter involves three main right-hand referent coordinate frames as shown
in Fig. 1. The North-East-Down (NED) orthogonal coordinate frame is set at a fixed earth frame
whose origin is the take-off point. This frame is also called an inertial coordinate frame Fr =
(or,zE,yE, zp) and used as reference for trajectory tracking.The F;, = (o, Tp, Yp, 2p) is @ moving
orthogonal body frame whose origin is attached to the center mass of the UAV. In this frame, positive
opxp axis points out the front face, positive oy, axis points out the right side of UAV and positive
0p2p axis points down the center gravity of earth. Another intermediate frame is the vehicle coordinate
frame F,,, whose origin coincides with the body frame but whose axes are aligned with the axes of
the inertial frame or NED frame [25] and [26]. Table 1 lists names of state variables and parameters
used in the study.

Fig. 1. Coordinate frames of quadcopter

Table 1. States and parameters

Symbols Definitions Units
X = (z,y,2)" linear position vector in F; m
Xa = (%d,Yd, 2a) linear desired position vector in JF; m
n=1(0,0,0)" Angular position vector in JF, rad
V = (u,v,w)" linear velocity vector in F; m/s
w=(p,qr)’ Angular velocity vector in F rad/s
M = (Mg, My, M. T Moment vector in Fp N.s
D= (D,,D,,D.)" Drag coefficient vector in Fy N.s/s?
g gravitational acceleration m/s?
m Total mass of UAV Kg

Transformation matrix from the vehicle frame F, to the body frame F;, is given by three succes-
sive rotation matrices R (¢, 0,1)), where n = (¢, 0,1)) T are commonly called Euler angles. The first
rotation is about z-axis by yaw angles ¢, the second rotation is about the moved y-axis by pitch angle
0, and the final rotation is about moved x-axis by roll angle ¢ [27] and [28]. These rotation matrices
are defined as following,

Sophyn Srey (Adaptive Controller Based on Estimated Parameters for Quadcopter Trajectory Tracking)



ISSN 2775-2658 International Journal of Robotics and Control Systems 483
Vol. 4, No. 1, 2024, pp.353-374

cosy siny 0 cosf 0 —sind 1 0 0
Rb(y) = | —sinyy cosyp O], RE@H) =] 0 1 0 |,Rl(¢p)=1]0 cos¢ sing
0 0 1 sinf 0 cosf 0 —sing cos¢

The transformation matrix R? (¢, 6,) from vehicle frame to body frame is defined as:

Ry (6,0,%) = Ry ($)Ry(O)R3(¥)
C@Cw —098¢ S
= | CpSy T S¢SeCy  CoCy — SpSaSy  SpCh (D)
SpSyp — CpSeCy  SpCy + CySeSy  CyCo

and transformation matrix R} (1, 0, ¢) from body frame to vehicle frame is defined as:

Ry (1,0,0) = Ry($)Ry(O)Ry(9)
COCyh  SpSOCY — ChSy S¢Sy + CpSeCy
= |CoSy CopCy T S3S9Sy  CpSeSy — SeCy )
—38p S¢Co CeCh

where s, = sin(z), and ¢, = cos(x).
Relationship between linear velocity vector X = (&,7,2)" in initial frame and linear velocity
vector V = (u,v,w) "in body frame is carried out by using eq.(2) as following,

T U
X= |yl =RyV=(R)" |v
| 2 w
[Cocy  SpSecy — CoSy  CpSocy + Sesy | [u
= |coSy 84595y + CaCy  CySeSy — SeCy | |V 3)
| —5p 54Co CHCh w

Relationship between Euler angle rate 1 = (q§, 97 w)T and angular velocity w = (wy, wy, wz)T _
(p, q, T‘)T is carried out as following,

p]  [é 0 0
g| = |0 +RY&) |0] +RUHRLO) |0
r 10 0 0
1 0 —sinf gb
= |0 cos¢ singcosf| |0]. 4)
|0 —sing cos¢cost qp
Inverting the eq.(4) gives
q@ 1 sinftanf cos¢tand| |p
0| =10 cos ¢ —sinf ql - 5
¥ 0 singsecl cos¢psech| |r
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2.2. UAYV Equation of Motion

The dynamic equations of the UAV are derived by using Newton’s second law of motion in
translational and rotational motions in the inertial fixed frame. The equations are given by:

_d(mV)

F= . (6)
_d(Jw)

M = i, (N

where F' is the sum of all external force vector, m is the constant mass, V is translational velocity
vector, mV is the linear momentum vector, J is constant inertia vector, M is the sum of all external
moment vectors, w is angular velocity vector, Jw is the angular momentum vector about the center
of gravity of the UAV. Since most measurements are made to be used in body frame, the expression
of these equations in the moving body frame is defined as follows,

dV .
Fb:m%—l—meV:mV%—meV (8)
b
dw .
Mb:JE+w><Jw:Jw+w><Jw, )]
b

where V and w are defined in body frame.

2.3. Simplified Rotational Dynamic Model

To derive the rotational dynamic model of UAV into first order linear differential equation, the
rotational dynamic model in eq.(9) is rearranged into angular velocity form as below:

Wy P
w=|wy| = 4| =T (~w x Jw+ M) (10)
W, T
where
Wy b Jz _Jzy —Jz
w= |wy| =|q|,J=|~Joy Jy —Jyz|,
W, T —Jus Jy:  J.
0 —Ww, Wy Ta Tazx Topx
w X =| w, 0 —wz| . M= |7| = |Tay| — |Tgpy | »
—Wy Wy 0 Tz Taz Tgpy
where
Taz Tgpx

Tay | 18 aerodynamic torsional drag and | 74, | is gyroscopic torque.

Taz Tgpy

Here, we assume that structure of quadcopter is unsymmetry or when operation the UAV undergoes
small deformation which causes the structure of UAV become unsymmetry. This makes the decou-
pling moments of inertia I, is not zero. Fully expanding the eq.(10) with their respective components
of the above matrix gives
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(—Taz — Tgpz)
(—Tay — Tgpy)

(—Taz — Tgpz)

mer - szQ)p Ji )
Jyzp nyr)q + TI:(Ty) +
szq nyp)’l” Jiz )
y_J)TQ+JyZ( 2o ) xyq_ :czfa}

y = J)rp + Jue(p? — %) — myp Ty} (11)
Jy — J2)pg + me( 2 p2) JyZQ}

HH@“‘\'—HH

2

S st
<~

~ o~~~
<

The key of estimating random walking parameters by using powerful filters such as UKF is to
group relevant unknown parameters and include them as parts of states of model. Then use that filter
to estimate their values. Since the body rate p, ¢, r of UAV are not vary significantly, to simplify the
rotational dynamics of UAV, let the following parameters into groups and randomly walk:

am- Jlf (nyr szQ) by %
a= |ay| = 7 (Jyzp = Jayr | ;b= |by| = 7|
a: L Jl (J:czq nyp) b, le
Ca:_ J1 ( Tgpx) - Jl {( )Tq + JyZ( 2 72) - nyq - JCCZT} Tr
C= |G| = Ty ( Tgpy) J {( y )7“]0+sz( 2_7"2) —me]ﬁ—z]yzf"} \T = | Ty
CZ- _JLZ( Taz — TQPZ) - J {( ) pq + me(q2 —p ) - szp - JyzQ} Tz

We propose to simplify eq.(9) as first order differential equations in term of angular velocities and
external moment as following about x-axis, y-axis and z-axis respectively,

Wy —Qywg + by — Cg
Wy | = | —aywy +bymy — ¢y (12)
Wz —a,w; + b7, —c;
where
Ay bz Cy
a= |ay|,b= |by|,c= [cy| arelumped parameters.
Ay b, Cz

3. Adaptive Controller With Estimated Random Parameters

In the study [29] and [30], the authors derived and simplified the DC motor model into a first
order differential equation by lumping parameters. Extended Kalman Filter (EKF) and Unscented
Kalman Filter (UKF) were used to estimate those parameters which are constant values to design the
PD controllers in one axis rotational dynamic motion by using root locus techniques. In this study,
the lumped parameters a,, b, ¢z, ay, ¢y, ¢y, @z, b, ¢, are not constants but they are randomly walking
according to J,p, q,r,p, ¢ as well as r. To deal with these behaviors, the study uses parameters es-
timated from the simplified rotational dynamic model eq.(12) to design rotational dynamic controller
for quadcopter flying in three axes simultaneously by deploying UKF to estimate the above random
parameters.

3.1. Rotational Dynamic Controller

In the general form of simplified dynamic model shown in eq.(13), the parameters a, b and c are
unknown random walking parameters to be estimated, u is input and w is output,

w = —aw + bu — c. (13)
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This study proposes a PI controlling system as shown in Fig. 2 to control the output w for rotational
dynamic model in eq.(13). It is observed that the term 7 is compensated in the controller signal to
cancel the term (—c) in the dynamic model. The expression %wd and %d}d are used to adjust the terms
wq and wy into the error and time derivative error for the controlling purpose.The simplified dynamic
model eq.(13) in the block diagram can be written as,

w = —aw + bkye, + bkie—w + awq + wq-
s

Take time derivative on both sides of above equation and let é,, = wy — w, €, = wWg — w, we obtain
the standard form of second order differential as following,

€, + (a + bkp)é, + bkie, =0

Ew + 28wné, +wie, =0

where damping ratio £ = a + bk, and natural frequency w,, = 1/bk;. The gains of the PI controllers

can be tuned with k;, = 25‘”;;*“, ki = % by choosing damping ratio such as £ = 1 when the system

is critically damped and fastest response together with appropriate natural frequency w,, as discussed
in the studies [31] and [32].

= e )
(kp,+—2) e,
PsT® 0 =—aw+bu—c

Fig. 2. Rotational dynamic controller

3.2. Unscented Kalman Filter

In this study, we prefer to use the Unscented Kalman Filter(UKF) rather than other filters is that
the UKF is able to estimate states of a discrete system that behaves high nonlinearity and respond
fast stability. It provides stable estimated parameters in short period that is suitable for online control
such UAV dynamic motion. It has been popularly used to estimate the states of UAVs as reported in
[33]-[36]. The state space model in discrete system form is defined as:

xp = F(rp—1,ur—1) + V Qavr—1
yr = H (g, ur) + VRuwy,

where xj, is state, ¥, is the measurement, F' is the nonlinear system model, H is the nonlinear mea-
surement model, ()4 is the process noise covariance, vy is th process noise, R is the measurement
noise covariance, and wy, is the measurement noise. As studies in [37]-[39], the UKF algorithm is
defined through unscented transformation (UT) to propagate a random variable X (dimensional L)
through a nonlinear function Y = ¢(X), in which X has mean X and covariance P,. To obtain
statistical values of Y, create a matrix X of (2L + 1) sigma vectors X; corresponding to weights W
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as follows:

Wo L+
c) A

Wo L+ A+1-a24p
: 1

Wi =_—— — i=1,..2L
mTS LN T

where A = o?(L + k)L is a scaling parameter. The estimated measurement matrix ); is computed
by transforming the sigma vectors X through the nonlinear measurement model as follows:

Vi=H(X;) i=0,...,2L.

The mean measurement and covariance measurement for Y are approximated by using a weighted
sample mean and covariance of the posterior sigma points as follows:

2L 2L

Y ~ Z V[/i(m)yi7 Py ~ Z Wi(C){yi o Y}{YZ o Y}T
i=0 i=0

The UKF algorithm is computed as follows:

e Initialize

A~

Xo = E[Xo]Po = E[(Xo — X0)(Xo — X0)7]

* Calculate sigma points for k € {1, ..., 00}

X1t = | Keotpor Xeoappor £ \/(L + )‘)P%—Hk—lJ

* Time update
X1 = F[X—1, 1]

2L
X1 = ) Wz‘(m)Xi,Hk—l
:

2L

Py = Z Wi(c) [ ko1 — Xigp—1] [ et — Xijp—1]”
7

Vilk—1 = H[Xp—1, A" 4]

2L
Y1 = Z Wz-(m)yz',mkq
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* Measurement update
2L ) A
Py5, = Z I/Vz'(C) Yikr—1 — Y1) Vikp—1 — Yippo1]”

2L
Prpye =Y W X pgho1 — i1 ] Vipip—1 — Veppa]”
K= kaykpg_kgljk
X = Xgjp—1 + KV — Y1)
Py = Pyj—1 — KPyg, K"

3.3. Adaptive Control With Estimated Parameters

To estimate parameters a, b and ¢ in eq.(13) for designing adaptive controller, the derived model
is remodeled as the nonlinear differential system equation by letting x1 = w, 3 = a,x3 = b, x4 = ¢
as states. The continuous-discrete stochastic nonlinear equation for processing model and measuring
model is obtained as follows:

T T1T2 + T3u — X4
To| 0
s 0
! (14)
I
wk=[1 0 0 0] | 72| +VRuy
3
Ta],
Then, the processing model and measurement model in eq.(14) are discretized as follows:
T 1 T1T9 + T3U — T4
) T2 0
— + T, + VTsQevk 1
T3 3 0
Tq T4 0
k E—1 k-1 (15)
T
wk=[1 0 0 0] | 72| +VRuy
3
Ta],

To estimate lumped parameters for designing the adaptive controller, the UKF algorithm is placed
after the angular velocity signal in Fig. 2. Then, the adaptive rotational dynamic controller is obtained
by replacing parameter a, b and ¢ with the estimated states xs, x3 and x4 as shown in Fig. 3. Since
the estimated states change according to UAV motion, the controller gains and compensated values
which are obtained by the above estimated values also changes accordingly. This make the controller
adaptive to the UAV motion. The first order filter block & = %(m + ) as studied in [40] is used to
smooth the estimated parameters to tune the controller gains £, and %; and compensated values for
controlling . Here unlike the controller in Fig. 2, the real dynamic model of angular velocity eq.(10)
is preferred to the derived model. The output angular velocity w is discretized into a measuring model
to use as input signal adding to the output controlling signal « for the UKF block.The components
of estimated parameter Z, the estimated angular velocity ; is used to feedback the desired angular
velocity wy, the estimated parameters I, 23 and &4 are used as input signal for the filter.
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The effectiveness of the designed controller is confirmed by simulating results in Fig. 4, in which
the estimated random parameters are plotted against the filtered parameters. The following parameters
are used the simulation: J = [0.5 — 0.1 — 0.15; —0.10.5 — 0.2; —0.15 — 0.20.5]T, Qc =1le —6x
diag([1;0.1;0.1;0.1]); R = le — 4, desired angular velocity is sine wave wy = 1.8sin(4t)(rad/s),
the two other moments u,, = sin(5t)(N.m), u, = sin(3t)(N.m),& = 1,and w, = 2x7wx5(rad/s).
After 4 second, the estimated values 2o, £3, T4, wes; are stably walking in the bounded finite interval
while the filtered values are smoothly following those estimated values. The error between desired
and estimated angular velocity is very decent, e,, ~ 0.008(rad/s).

1.
@ =J -0 xJo+u] T UKF

Fig. 3. Adaptive controller with estimated parameters

x3_filter
—————— 3_ukf

x4 fiter | |

5 10 15 20 25
Time (secs)

Fig. 4. Estimated parameters o, T3, T4, W

4. Controller System of Quadcopter

The entire controller of quadcopter consists five blocks, namely, desired trajectory controller,
attitude-thrust controller, angular rate controller, adaptive controller, and translational kinematic,
which are illustrated in Fig. 5. Each block controller consists of controlling techniques which will
be described in the following subsections. The adaptive controller block consists of 3 three adaptive
controllers as shown in Fig. 3 for controlling rotational motion about X, y and z axes simultaneously.

4.1. Desired Trajectory Controller
The desired trajectory controller block is designed to generate desired trajectory X = (24, yd, 24) "
and desired yaw angle 14 as study in [41] and [42]. The desired trajectory X4 can be a line, circular,
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spiral paths in plane or in space as required by operation. It can be adjusted by a first order filter or
second order filter so that the controller can follow the paths. The desired yaw angle )4 can be de-
fined according to the requirement of the trajectory. It will be used as the input signals for the attitude
and thrust controller block. In this study, as illustrated in Fig. 6, the yaw angle v, is determined as
follows:

Vg = tan "1 (yz —Yi—1 >

Ti — Ti—1

where (x;_1,y;—1) is the current position, (z;,y;) is the next position of the UAV path in the initial
frame [43]-[45].

Xq T v
Desired . X
trajectory | 1, Altitude
Thrust Na ] Kinematics
controller Angularrate | @a | Adaptive| o Dynamics X

control
system

controller

=

Fig. 5. Quadcopter controller

y
A
(o y) o~
Vi -
-
YVi-1
> X
Op Xi-1 Xi

Fig. 6. Desired yaw angle ¢4

4.2. Attitude and Thrust Controller

The attitude and thrust controller is built as shown in Fig. 7. According to Newton’s second
law of motion and the transformation of matrix eq.(2), the translational motion of UAV with mass m,
which is moved by force F; = F;(0,0,1) " in body frame, can be expressed in terms of acceleration
X, = (#q, 4, 24) " and Euler angle 7y = (¢4, 04,%4) " in inertial frame as follows:

0
de = Rth +m |0
g
Iq ChaS04Cq T 564594 0
m | Ja | = —F; | Cpy80,50, — ShyCpy | +m |0] . (16)
Z4 CpyChy g
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To solve for ¢4 and 6, the equation eq.(16) is arranged as following expression,

. —F
Td = mt (C0450,Cpq T+ SpuSuy) (16-a)
. -k
Yd = m (C¢d89d8¢d - ‘9¢dcl/1d) (16-b)
.. — I
—Zg=— . 16-
g — m CopqChy (16-¢)

As studied in[43]-[48], the desired roll ¢4 and pitch 6, angles are obtained by performing below
calculating :

—(16a)ey, = (16-D)syy o yoo1 (FaCva = asya
(16-c) 9 —Zd
—(16-a)sy, + (16-b)cy, —1 ((TdSyy — YdCyy
—¢ S0Wa T o
(16-c) = = tan g—24 ™

From the third row of eq.(16), the magnitude of the thrust is F; = m(—Z4 + g)/(cg,co,)-

To control the thrust, this study defines PD controller by adding it into acceleration Z; to control
the total thrust as following,

T = m(—2q — kpes — karéx + 9)/ (Couco,) a7

where k¢, kq; are PD controller gains that can be tuned as described in study [49], e, = zq4 — z is
the altitude error, and ¢, = z; — 2 is the time derivative of the error e,. The desired acceleration
Z4, the attitude error e, and the derivative of attitude error é, in the thrust controller eq.(17), will be
computed in the following attitude and thrust controller block. As shown in the block diagram in Fig.
7, the attitude and thrust controller are composed of a position controller and a velocity controller in
Cascade controlling method.

Xi| | Rol %0 | toruet T
” X e, | Velocity Pitch +— Thrus —s
a ’@ i Position | X4 | controller | 4| desired 6 controller
T controller controller ———»

d x| [

—

Fig. 7. Attitude and Thrust controller

As study in [50]-[52], PD controller is defined to control desired position X with output signal
as velocity X d- Then, the output velocity X, is used as input signal to another PD controller to control
the velocity X, with the output signal as the desired acceleration X,. The attitude error e, and the
derivative of attitude error é, are also obtained in the position controller and velocity controller.

4.3. Angular Rate Controller

The angular rate controller is built as shown in Fig. 8. The yaw rate is defined by P controller and
it is compensated with the time derivative of desired yaw angle.The roll rate and pitch rate are also
defined by the PD controllers. Finally, ¢4, 04, </5d, éd, zbd are determined. Then, the desired angular
velocity or desired body rate is calculated by using kinematic equation of motion in eq.(4) as follows:

Wz, Pd 1 0 —sin by (;:Sd
Wy, | = [qa| = |0 cospg singgcosty Qd
W, T4 0 —singg cosggcosly| |1y
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Fig. 8. Angular rate controller

4.4. Kinematics and Dynamics

Since drag D is always presenting in UAV translational motion, the total external force acting on
UAV is obtained as:

Fr,=mgy,+F;—T.

From the rotational transformation matrix R%(¢, 6,1) in eq.(1), the dynamics model eq.(7) in body
frame becomes

mgb—i—Fd—T:mV—i—wme.

Expressing this equation in terms of acceleration V' gives

. 1
V:—wa+gb+E(Fd—T)

U 0 r —q| |u —Sp 1 D, 0 0 U 0
vl=1]-r 0 p v| + g |[Seco +— 0 Dy, 0 vl — 1|0 . (18)
w q —-p 0 w CpCoh m 0 0 D,| |w T

As observing eq.(18), the total acceleration is the sum of gyroscopic, gravitational, drag, and
mass acceleration on UAV. To compute the states X = (z,y, 2z) | of UAV in initial frame, the block
diagram of translational dynamics is obtained and arranged as Fig. 9.

Velocity X =

Thrust T
D drag Fp

Fig. 9. Kinematics and Dynamics

The Euler angle state 7 = (¢, 0,1) " is obtained by using transformation matrix eq.(5) with body

rate w = (p,q,7) " as the input, and adding the results with the integrator — with zero initial condition.
s

The velocity state V. = (u,v,w)' in body frame is obtained by implementing eq.(18) and adding

results with integrator — with zero initial condition. The position state X = (z,y,2) " is obtained by
S
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using kinematic relationship eq.(3) on V = (u,v,w) " to become X = (4,7, #) " in the initial frame
and adding results with integrator — with zero initial condition. Then, the state X = (z,v,2) ' is
5

used to feedback the desired path X; = (x4, Y4, zd)T in the altitude thrust controller in Fig. 7.

5. Simulation and Results

In the quadcopter controller system in Fig. 5, the rotational adaptive controller plays a core
controller for trajectory tracking. It is designed by considering relevant uncertainties such as inertia,
angular rate, aerodynamic drag, gyroscopic effect in the rotational dynamics as lamped parameters
to be estimated by UKF during the UAV operation for designing controller as illustrated in Fig. 3.
To verify the effectiveness of the proposed controller, the circular trajectory and square trajectory are
used for simulation. The results of trajectory tracking, estimated parameters, and angular velocity are
depicted and observed. The controller gains in the controller blocks used in the simulation are listed
in Table 2. The parameters such as translational motion drag, model noise used in the simulation are
listed in Table 3.

Table 2. Controller gains used in simulation

Name of controllers Description
Proportional gain K;,, Integral gain K;  Derivative gain Ky
Position 0.75 0 0.02
Velocity 0.85 0.02 0
Thrust 11.52 0 4.8
Yaw rate 1 0 0
Roll rate 6 0 0.2
Pitch rate 6 0 0.2
Adaptive 2un—a %ﬁ 0
Table 3. Constant parameters used in simulation
Name of parameters Description
Symbol Value Units
Drag coefficient D (2.5,2.5,2.3) 7 N.s/s?
Gravitational acceleration g 9.81 m/s?
Total mass of UAV m 76 Kg
Sampling time Ts 0.02 s
Natural frequency Wn, 6 rad/s
Damping ratio 13 1 -
Filter constant A 2 -
Model noise Qc le — 3 % diag([10;1;1;1]) -
Measurement noise R le — 4 % diag([2;2]) -

5.1. Circular Trajectory

For the circular trajectory, the following desired path is chosen for UAV to track for 25 seconds
in the simulation,

Results of the circular trajectory tracking are depicted in Fig. 10. The designed controller allows the
UAV to successfully track the desired path from 10 seconds. The steady state errors for = axis and
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gy axis are less than 0.04 m, the altitude state starts to reach the desired state from 2.5 seconds while
the steady state errors is less than 0.02 m. The altitude error is very small, enough to keep the UAV
stable with low vibration.

0 5 10 15 20 25
Time (seconds)

(a) Circular trajectory in plane against times (b) Trajectory in space

Fig. 10. Circular in space view

Results of parameter estimation for circular trajectory are depicted in Fig. 11 (a), (b) and (c), in
which the estimated random parameters are plotted against the filtered ones. At less than 5 seconds,
the estimated parameters have very big variation due to the nature of UKF algorithm which does not
work well for first short period. This variation is smoothed by the first order filter for the controller
to work properly. After that period, the estimated parameters are very smooth and almost constant as
the UKF algorithm works well.

The results of the angular velocity estimation for circular trajectory are depicted in Fig. 11 (d),
in which the angular velocities of the UAV are plotted against the estimated ones. At less than 5
seconds, the estimated parameters have very big variation due to the nature of UKF algorithm which
does not work well for first short period. After that period, the estimated angular velocities reach the
angular velocities of the UAV and almost constant as the UKF algorithm works well. The previously
mentioned variation of the angular velocity is not so significant that makes sense of the study to use
the concepts of the random walking parameters.

5.2. Square Trajectory

For the square trajectory, the following desired path is chosen for UAV to track during 40 seconds
in the simulation.

0 t <10

—10+¢ 10<t<?2
o(t) = 04+t (m) 10<t<20

10 (m) 20 < t < 30

(40—t (m)  30<t<40

(¢ (m) t <10

10 (m 10<t<20
y(t) = (m)

30—t (m) 20<t<30

0 (m) 30 <t <40
z(t) = -8 (m)

The results of the square trajectory are depicted in Fig. 12. The designed controller allows UAV
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Fig. 11. Estimated random parameters for circular trajectory

to successfully track the desired path from 5 seconds. Although trajectory path in horizontal plane
changes 7/2 radians, which causes overshoot, the steady state errors for x axis and y axis are less
than 0.05 m and the altitude state starts to reach the desired state from 2.5 seconds with the steady
state errors of less than 0.02 m. The altitude error is very small. This keeps the UAV stable with low
vibration.

The results of the parameter estimation for square trajectory are depicted in Fig. 13(a), (b) and
(c), in which the estimated random parameters are plotted against the filtered ones. At less than 5
seconds, the estimated parameters have very big variation due to the nature of UKF algorithm which
does not work well for first short period of time. This variation is smoothed by the filter for the
controller to work properly. After that period, the estimated parameters a and c are very smooth,
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Fig. 12. Square trajectory in space view

and almost constant as UKF algorithm works well. The estimate parameter b keeps changing slightly
in correspond to the changing of path angle, and it is smoothed by the filter. The angular velocity
estimation for square trajectory are depicted in Fig. 13(d), in which the angular velocities of the UAV
are plotted gain the estimated ones. At less than 2 seconds, the estimate parameters have very big
variation due to the nature of UKF algorithm which does not work well for first short period. After
that period the estimated angular velocities reach the actual angular velocities of the UAV and almost
constant, except at the change of trajectory direction by 7 /2 radians. This consequence corresponds

with the results of the trajectory in Fig.

12. The previously mentioned variation of the angular

velocity is not so significant that makes sense of the study to use the concepts of the random walking

parameters.

Fig. 13. Estimated random parameters for square trajectory
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6. Conclusion and future work

In this study, the trajectory tracking controller of UAV is proposed. The rotational dynamic
motion is derived and simplified into first order differential equation where their coefficients are
the lumped parameters of wind disturbance, angular rate, inertia or gyroscopic effect. Then, the
rotational controller is designed to control the simplified angular velocity.The simplified model is
remodeled into processing and measuring model for estimating the lumped parameters which are used
for tuning PI gain and compensating signal in the rotational dynamic controller to be adaptive. Also,
in the adaptive controller, the rotational model of UAV is used and UKF algorithm is implemented to
estimate those lumped parameters which are random walking which are smoothed by the first order
filter in three axis rotations simultaneously. The whole system controller of quadcopter is designed
by adding desired trajectory controller, attitude-thrust controller, and angular rate controller to the
adaptive controller. The circular trajectory path and square trajectory paths are used to simulate the
controller to assess the performance of controller on tracking, variations of the estimated random
parameters and angular velocity of UAV. From the results of the simulation, it is observed that the
controllers are performing well for both paths. The states of UAV reach the desired state about 10
seconds on both paths with very small errors. The estimated random parameters at first 3 seconds
inhibits high variation due to UKF working behaviors. This is smoothed by the first order filter.
After that period, the estimated parameters are not much walking away from the actual ones which
almost remain constant. The variation of estimated parameters and the angular velocities behave
correspondingly to the changing of the trajectory path. These behaviors allow the adaptive controller
to works efficiently.

For the future expansion, the adaptive rotational dynamic controller will be first verified by exper-
iment with an apparatus which is designed for UAV rotational motion by using Pixhawk 4 controller.

Then the real experiments for trajectory tracking will be conducted to assess the performance of the
controller and state estimation.
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