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Abstract

A dynamic model of quadrotor has been used to derive relationship between objectives like settling time and
overshoot with gains. A simple gains selection method has been proposed for Quadrotor cascade PD controller. The dynamic
model verification has been carried out by comparing simulation results with experimental results available in literature.Various
tests like point to point and trajectory tracking control are performed for validating proposed methodology. The performance is
satisfactory as error is less than 3% of expected settling time. The present study eliminates trials for obtaining satisfactory
performance of cascade PD controller.
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1. Introduction

Quadrotors are nonlinear, under-actuated, multiple input-multiple output (MIMO), open-loop
unstable system which are being used for product delivery [1], inspection of plants or buildings [2 - 4],
agriculture areas [5], traffic monitoring [6] etc. Quadrotor applications are increasing in real-life as it is
an inexpensive and autonomous solution with varieties of other features like smaller size, vertical take-
off and landing (VTOL), hovering, aggressive maneuvering capabilities [7]. There are many applications
which demands quick response and may have encountered unfavorable environment to human being.
Therefore, it has been necessary to design attitude, altitude and hovering control systems for
Quadrotors.

Quadrotors are the aerial robot mainly consists of four basic elements: Four propellers with
BLDC motors, Electronics Speed Control (ESC), position and orientation sensors and the controller. The
four propellers are arranged in such a way that they have opposite directions of rotation and pitch for
left-right and front-back propellers so that gyroscopic moment on the body is eliminated. The thrust is
generated so that Quadrotor is lifted upward. To move in transverse directions, the moment along with
thrust shall be generated in particular direction. It makes sense that as there are only four actuators, it is
indeed difficult to control all DOFs independently. Thus, Quadrotors are under actuated system having 6
DOFs to be controlled with only 4 actuators. Forces and moments generated on the body are depicted in
Figure 1. The governing equations of motion can be derived from either Euler-Lagrange’s method or
Newton-Euler method [8] as follows:
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mX = u(singsiny + cos¢cosy sin ) (1)
mij = u(cosgsin@siny —cosy sing) (2)
mz =ucos@cosg—mg (3)
é=rt, (4)

Where, u = total lift produced by all propellers, m is the mass of the Quadrotor, (x, y, z)" is the
position vector and e = (¢, 8, {)" is the angular position(Euler angles) in inertia frame. te = (T, To, Ty)'is
the torque vector for controlling angular motion of Quadrotor.

Figure 1Working principle of a Quadrotor.

Several attempts have been made by researchers for altitude, attitude and position control.
Related literature has been summarized here. Luukkonen, Teppo [9] reported heuristics approach for
position control of Quadrotor.ZeFang He and Long Zhao [10] suggested Ziegler-Nichols rules for tuning
Quadrotor attitude PD control. Chen Wang [11] et. al. have proposed robust performance of PD/PID
controller in case of mass change and battery drainage. Perez-Alcocer et. al. [12] has proposed
Quadrotor PID control system when information on system parameters is imprecise. It is observed that
though many researchers have used PD or PID control system for Quadrotor, yet there is lacking of
systematic guidelines for selecting controller gains. In this paper, the systematic and simple expressions
have been derived to obtain gains’ value quickly. Thus, this research helps in minimizing trial and error
time with assured performance.

2. Cascade Control Structure of Quadrotor

The Quadrotor control system is depicted as block diagram in figure 2. It has been observed that
roll angle and pitch angle along with total thrust contribute Quadrotor motion along X and Y axis
respectively. So, heuristic approach has been suggested by Luukkonen, Teppo [9] for trajectory control.
Ignoring aerodynamic drag force on Quadrotor generated due to its slow motion, the desired attitude is
estimated as
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Figure 2 Block diagram of Quadrotor Control System.
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The position control and attitude control rules are defined as classical linear PID control The

PID/PD control rules[9] are given as under:

. m

c (g+kzp(z,—z)+kzd(z'r—z'))

= ¢C9
7, =1, (k¢P (ef —8) + kfd (é’ B 6)) (6)

u

3. Proposed Method for Gains Selection

From Figure 2, it is observed that the inner loop constitute attitude dynamics whereas the outer
loop is constituted of position dynamics. In order to control quadrotor position, dynamics of roll and
pitch Euler angles must be settled down before position dynamics gets settle. So, by assuming faster
response to Euler angles’ control than position control, we can omit effect of roll-pitch dynamical effects
onto position control loops. Resultant position control loops from equation (1-4) is approximated in

form of second order Laplace transform form as:

2 1
U(S) ms? (7)

Additionally, gravitational force acts as constant fixed disturbance to Z-motion of the Quadrotor.
The X-motion and Y-motion can be formulated only if attitude of the Quadrotor is controlled properly.
So, considering attitude dynamics, control laws have been derived from (1) as follows:

gs) 1 0(6s) 1 w(s)_ 1
() 1.5 7,(5) stz'rw(s) s (8)

Considering case of roll dynamics only, the closed loop control system is given by,

#(s) kg + Ky

g(s) 1,8"+k, +ks (9)

From [14], information on the relative stability analysis for second order system is obtained.
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Accordingly, the least settling time is obtained for second order system if damping ratio is 0.69 and for
5% tolerance, the settling time is given by,

, _45¢
oo, (10)

Putting damping ratio equals to 0.69 and from equations (8) and (9), following relationship
between plant parameters and controller gain are obtained.

964D, e L
" t2 “@ t,
# * (11)

Above gains are derived considering that step input and so second term in numerator term of
equation (9) is ignored. Similarly, Controller gains for pitch and yaw motion are obtained as follows:

9.64x1
w=Ta T PEYEeS 0,y
I
k, = 4.28x%
se (12)

As stated previously, position control loop gains are selected by assuming that very fast attitude
dynamics. Thus, dynamics of attitude control is ignored for position control. Additionally, position
dynamics given by (1), is linearized by considering reference Euler angles as given by (2). These values
are derived precisely by selecting high settling time in (8-10). Thus, closed control system for X-position
is given by,

x(s) kpx +k,s
x,(s) ms’+k, +k,s

(13)

As it has been observed that equation (13) and equation (9) are identical, PD controller gains for
x-position control are given by,

9.64xm m
- tfp ;p = xY,zk :4.28><t—

dp
(14)

4. Results and Discussions

The classical PD controller is initially validated with experimental results presented by Perez-
Alcocer et. al. [12]. Identical system and control parameters have been chosen for validating control
system. The system parameters are as given in Table 1 while PD control gain parameters are given in
Table Il. The results are obtained using simulating Quadrotor control system using MATLAB software.
Figure 3 shows trajectory control results for inputs,

X, (t) = 0.4cos(25ntj; Yy (t) = 0.4sin[25ntj; z, (t) =0.6

(15)

7845



Nat. Volatiles & Essent. QOils, 2021; 8(5): 7842-7850

The results are identical as reported by Perez-Alcocer et. al. [12] which validates the dynamical

model of Quadrotor and classical PD controller. After model validation, proposed methodology for gain

selections using objective function has been evaluated. The proposed method of gain selection has been

tested for point to point control as described below.
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Figure 3 Quadrotor States Simulated Response Positions and Linear Velocities, Angular Positions and

Angular Velocities

Table 1 System Parameters [12]

Description Value Description Value
Gravitational constant, G 9.8 m/s? | Thrust constant, K, 8.35e-8
Quadrotor mass, M 1.79 kg Drag constant, Kp 0.41e-8
Moment of inertia about x-axis, 0.03 Max force per rotor, Umax 8N
Ixx kg.m?

Moment of inertia about y-axis, 0.03 Distance between 0.2m
Iyy kg.m? Quadrotor mass and the
position of propeller axis,
Moment of inertia about z-axis, 0.04 L
Izz kg.m?

In point to point control, the Quadrotor was expected to fly from location {0, 0, 0}" to final

location {1, 1, 1}". After reaching to location {1, 1, 1}7, The Quadrotor should hover at same location. For

testing proposed method, the parameters reported in Table 3 are chosen. As shown in Table 3, the

settling time for position control loop is selected to be 10 time higher than settling time of attitude

control loop. For position control loop settling times are set to 5sec while the same for orientation is set

to 0.5 which means that all attitude dynamics settled down faster than dynamics of position control. So,
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it is important to notice that condition for ignoring attitude dynamics is fulfilled.

Though selected settling time is selected arbitrary, the minimum value is confined by maximum
thrust and response of quadrotor dynamics. Selecting lower settling time thanpossible may cause
actuator saturation and in turn oscillations. Thus, selecting lower settling time will result in

unsatisfactory performance.

Table 2 System Parameters [12]

X Y Z ®(Roll) | B(Pitch) | W(Yaw)
Proportional gain,
K 0.27 | 0.27 | 2.41 1.29 1.44 2.00
P
Derivative gain, Ko 0.16 | 0.16 | 3.02 0.3 0.24 0.5
Table 3 Results for Proposed Method.

Parameter X Y Z ®(Roll) | B(Pitch) | W(Yaw)
Settling time, t;sec 5 5 5 0.5 0.5 0.5
Proportional gain,

K 0.69 | 0.69 | 0.69 1.16 1.16 1.54
P
Derivative gain, Ko 1.53 | 1.53 | 1.53 0.26 0.26 0.34
X heee R o
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Figure 4 Step Response Comparison for Position of the Quadrotor
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Quadrotor motion in 3D space
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Figure 53D Motion for Trajectory Tracking in case of Proposed Method

Following figure 4, shows performance comparsion of gain proposed in [12] with gain proposed
in this literature. As it can be seen that there is no overshoot and settling time for position dynamics is
5.84 sec. It is worthy to note that attitude performance is much better than proposed gains in [12]. The
overshoot is about 62% and settling time is much larger. For X and Y positions of the Quadrotor. Though,
performance to control altitude is satisfactory with gains in [12], the overall performance is much better
for proposed method.

Results for other settling time minimum upto 2.5 sec have also been tested which shows
average error of 2.98 % in position at selecting settling time. Thus, performance of proposed method is
guaranteed.

The proposed method has been simulated and compared with results presented by Perez-
Alcocer et. al. [12]. The trajectory is as defined in (15) has been used for testing. The results for
proposed method are plotted in Fig. 3 and 5. From Fig.4, it has been seen that response for trajectory
tracking is highly aggressive. It is noted that though input commands are for tracking 0.4m radius circle
parallel to XY plane at the height of 0.6m, the radius being traced is 0.4596m and at the height of
0.5611m. The 3D plot in space has been depicted in fig. 5. Compared to previous method, the proposed
method is oscillations free as observed in fig.3 and fig.5 respectively. The intermediate spiral motion in
fig.14 is caused by same settling time for XY-motion and Z-motion which does not exist in method
proposed by Perez-Alcocer et. al. [12]. This effect is desirable as given by trajectory equations (15).

5. Conclusions and Recommendations

Dynamic model of Quadrotor has been used, developed using Euler-Lagrange’s method. The
obtained model and PD control structure has been validated with experimental results available in
literature.A simple method for gains selection has been proposed and tested for set of objective
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functions like overshoot and settling time. The proposed gains results in achieving all three positions
approximately at same time. No overshoots have been observed. The average % deviation in position at
settling time is 2.98%. Thus, results validate proposed method for different settling times.Though the
method has good success, it is recommended that following conditions must be satisfied while operating
Quadrotor with proposed method.

The dynamics of attitude should be at least 10 times faster than dynamics of position control loop.
It is essential that rapid continuous changes in desired input be avoided.
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