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1. INTRODUCTION

Comparing Dynamic Model and Flight
Control of Plus and Cross Quadcopter
Configurations

This research investigates and demonstrates the fundamental differences in
performance and operation of both the cross and quadcopter
configurations. The system's nonlinear dynamic model was first derived
and implemented in Simulink for each quadcopter. The identical initial
control values were applied for both quadcopters. The plus-configuration
creates a yaw moment when a pitch or roll control input is supplied using
multi-rotor controls; however, the cross-configuration decouples pitch and
roll control from yaw. However, the plus-quad showed considerable
instability while rotating with a pitch and rolling due to the self-generated
residual rotation of the four rotors, which is small in the cross quadcopter,
making it more maneuverability stable. The obtained results showed that
both quadcopters consume the same energy amount.

Keywords: Quadcopter configuration, PID control, plus configuration,
cross configuration, throttle control

The quadrotor, often known as a quadcopter, is a form
of unmanned aerial vehicle (UAV) that can take off and
land vertically. Because of its intrinsic dynamic nature,
the quadrotor has a maneuverability advantage. Mean—
while, the small size of such UAVs makes them ideal
for specific uses, such as surveillance, military missions,
and other fields, such as earth sciences. In UAVs, vision
systems could address areas like object identification
and tracking. Quadrotors have piqued academics' inte—
rest because of their capacity to accomplish tasks
quickly and precisely. The focus has now switched to
modifying the quadrotor design to overcome its const—
raints.

There are two essential quadcopter configurations, as
shown in Figure 1, which are the plus and cross con—
figurations. Both quadcopter configurations have four
rotors attached to the fuselage by arms in a square arra—
ngement. The quadcopter has two sets of opposing ro—
tors, rotating in opposing directions, as shown in Fig. 1.

+ Quadcopter

Figure 1. Quadrotor flight configurations
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Both forms have attracted many researchers to in—
vestigate their configuration on their dynamics. Ahmed
H. Ahmed et al. [1]constructed a plus quad—copter mat—
hematical model based on MATLAB /Simulink. This
study employed a nonlinear mathematical model of the
quadcopter, then linearized the model. The transfer fun—
ction of the quadcopter's brushless DC motors' attitude
controller was obtained using the system identification
approach. A detailed test experiment was conducted to
determine the designed controller's performance. Gordon
Ononiwu et al. [2] described the design and construction
of a payload-carrying quadcopter. It was theoretically
represented by creating a MATLAB Proportional Integ—
ral Derivative (PID) controller. The actual system then
used the PID controller settings. The simulation and
prototype outputs were compared with and without
disturbances. The quadcopter proved to be stable and able
to adapt to environmental disturbances.

Ahmed Elrubyet al. [3] focused on a quadrotor
mathematical model. A CAD model was constructed to
estimate the physical object's mass and inertia. A PID
controller for the suggested model is provided, followed
by a Simulink model for predicting flight dy—namics
response. Zaid Tahir et al. [4] This work develops a linear
mathematical model for a quadcopter UAV. They are
derived from fundamental Newtonian equations on three
degrees of freedom (3DOF) and six degrees of freedom
(6DOF) to find state space. The models are critical for
controlling the dynamically unstable quad—copter system.
Kyaw Myat and Gavrilova [5] described a novel
quadcopter design and control technique based on L1
adaptive control, where control parameters are selected
systematically by the designer's intended performance
and robustness criteria. Asma Katiar et al. [6] used PID
and SMC (sliding mode con—trol) control approaches to
create a quadcopter dyna—mics controller for hovering
maneuvers. Compared to prior research with identical
input conditions, the simulation findings reveal an
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enhanced response when using the proposed controller.
Pengcheng Wang et al. [7] proposed a cascade PID
feedback control technique to maintain a cross quad—
copter's balancing condition in the face of disturbances.
Applying the Newton-Euler technique, the mathematical
model of quadcopter dynamics showed precise
relationships between all variables. Then, non-linear
state-space equations were obtained, which are required
for controller design and development. The simulation
results showed the cascade PID algorithm's efficacy and
resilience compared to the standard PID control strategy.
Sevkuthan and Migdat [8] worked on a plus quadcopter
control system using LQ and LQG methods. The findings
of the continuous and discrete-time altitude and attitude
controllers were reported. First, a nonlinear mathematical
model for 6 DOF was obtained. Then, the nonlinear
model was linearized in hovering mode, and the resultant
linear model was reduced to be utilized as a starting
model for the controller design. The model was then
tested for controllability and observability. The control
aim was to track a spatial trajectory with the quad-—
copter's center of gravity. A Kalman filter state obser—ver
was added to the planned LQ controller. The resul-ting
controllers accurately regulated the input reference signal
and solved the regulatory challenges.

Salma and Osman [9] provided a mathematical
model of the DJI F450 UAV quadcopter based on the
PID control system for attitude feedback. A rudimen—
tary PID is implemented using the DIJI F450's
parameters for the system. Data of PID control system
simulation using DJI F450 quadcopter frame model.
The mathematical model for the DJI F450 quadcopter is
constructed using Newton-Euler. The simulation is done
in MATLAB using the Simulink toolkit. The control
system gets altitude data from the Simulink simulation's
analysis. This document helps us compre—hend the
process of building a quadcopter's entire control system.
Other quadcopter mathematical models may be
developed quickly utilizing stages with their parameters.
Gopalakrishnan Eswar Murthi [10] created a nonlinear
model for the plus quadcopter based on motion and
moment forces equations. The controller for the
nonlinear model was designed, and the results were
analyzed. For the given simulation time, the
performance of the quadcopter model with the optimal
controller values was studied by analyzing the 3-
dimensional visualization, the angular velocity, and the
angular displacement of the model.

From the previously reviewed papers, it can be
noticed that many researchers have worked on various
projects and developments for both plus and cross quad—
copters. However, they still need to investigate the per—
formance differences between the two configurations or
why the cross-type quadcopter has become the most
popular and widely produced. Thus, in this research, the
differences between the two quadcopter configurations
will be justified by considering the following:
1-The differences in their mathematical models.

2- The quadcopters' performance and responsiveness to
all motion types.

3-The energy consumption by applying the same control
system to the two dynamic models.
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2. MATHEMATICAL MODELING

This section presents basic concepts and explains the
reference frames used in quadcopter flight kinematics.
In addition, the logic of quadcopter flight control is
specified, and the mathematical model is obtained. The
Yaw-Pitch-Roll (YPR) rotation model is widely used,
where the angles are around the axis of Z-Y-X, as
shown in Figures 2A and 2B for the plus and cross
quadcopter configurations. For different factors, com—
mon aerospace terms are used.

2.1 KINEMATIC MODEL

Generally, there are four actuators on the quadcopter.
Each is composed of a blade, a motor, and a power
bridge. Blades 2 and 4 rotate with angular velocities of
Q, and Q, in the counter-clockwise direction, while
blades 1 and 3 rotate with angular velocities of Q; and
Q; in the clockwise direction, as shown in Figure 2(A,
B). Notice that the linear movement of the quadcopter
as the actuators from 1 to 4 are forward, backward, left
and right, and level.

The quadcopter movement's mechanisms can be
described as follows:
* Applying equal thrust to all four rotors, the quadcopter
hovers or changes its height (up or down).
e Applying high thrust to rotors spinning in one
direction changes the angle along with the yaw rotation
axis.

* Adding more thrust to one side and less thrust to the

diametrically opposite side changes its pitch or roll (x or
y movement).

F‘l

Figure 2. A- Plus quadcopter, B- Cross quadcopter, and C-
illustration coordinate frames
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Different reference frames and coordination struc—
tures are used to define a quadcopter's position and
orientation. The transition between them must be care—
fully considered, such as the Earth and Body frames.
The Earth Inertial Frame (Egame) is a fixed Earth
coordinate system located at the stated home position.
As can be seen in Figure 2, the Epamevectors i (X-axis), j
(Y-axis), and k (Z-axis) are directed north, east, and
upward from the center of the earth.The Vehicle Inertial
Frame (Vgame) is located on the quadcopter's center of
mass. The axes of Vi, are aligned with the axes of
Efame- The Fixed Body Frame (Byame) location is also on
the quadcopter's center of mass, as the V.. Initially, it
matches with Ve, and its rotation changes to Vigme
according to the Y-P-R movements. The X-axis points
out the nose of the fuselage in every quadcopter loca—
tion, the Y-axis points out the left side, and the Z-axis
points to the top. Based on Figure 2C, the trans—
formation from the Vigmetothe Bganeis described by:

_M¢
Mp =| My (D
| Mg
R} (©,0,¥)=
1 0 0 c0s® 0 —sin@ cos? sin¥P 0 ®)
0 cos® sin® 0 1 0 —sin¥ cos¥ 0
0 —sin® cos®@|[sin® 0 cosO | 0 0 1

Rotation from the Bpymeto Viamels defined via:

R} (®,0,%)=[R}(®,0,%)] =[R}(®,0,%)]"
74

(0)e(9) s(@)e(w)-<(0)s(v) clp)s(@)c(w)+s(0)s(w)] ()
R =[c(0)s(0) s(0)s(0)+c(p)s(w) c(0)s(O)s(y)-s(p)e(v)
75(9) s(@ ¢ 9) c(go)c(@)

where @, ©, ¥ the pitch, roll, and yaw angles, respect—
tively. Ry is the rotation matrix from Vime t0 Berame, 5=

sin, ¢ = cos.
2.2 DYNAMIC MODEL

Quadcopter's dynamics are nonlinear and consist of two
multiple subsystems, including full-actuated subsystems
that are rotational movements (roll, pitch, and yaw) and
Z-axis movement, whereas the under-actuated trans—
lational movements in X and Y axes shape the under-
actuated movements.

2.3 ROTATIONAL MOTIONS

The rotational movement equations in the body system
are derived using the Newton-Euler formulation star—
ting from the following general equation [11].

JW+WxJW +Mg =Mg—M, )

where J is the quadcopter's inertia matrix in (kg'm?),
W is the angular acceleration matrix (rad/sec”)(pitch,
roll, and yaw) in the By, W is the angular rates vec—
tor (pitch, roll, and yaw) in the Bg,pe(rad/sec), MB is the
moments on the quadcopter body frame (N.m), Mg is
the gyroscopic moments attributable to rotor activity
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inertia (N.m), and MD is the drag moment caused by air
friction.

I, 0 0

J={0 I, 0 (3)
0 0 I,
=

W=lq (6)
_r_

. _p_

W=lq 7
_i'_
M,

Mp =| My (®)
Mo

I, I, and I, are the mass moments of inertia in the X, Y,
and Z axes, respectively, in the Bg,me reference.

0
Mg=| 0 )
JTQY

where J, is the rotor's inertia, Q. is the residual of
rotational velocity, which can be calculated as follows:

Qr :_QI+QZ_Q3 +Q4 (10)

Q4 are the speeds of the four motors.

Q, is the problem in the plus quadcopters when they
pitch or roll because it is known that the most stable
quadcopter has to have zero or very small residual
speed. Matrix transformations can be used to locate the
components of angular rates and accelerations of the
body frame from Euler angles of the earth frame.

N p
ql=T7' 0 (11
7] v
_p_ _¢'_
q|=T7"6 (12)
7] v
1 singtanf cosgtan
T=|0 cos@ —sin¢ (13)
0 sin @ cos@cos@
1 0 —sin 6
TV =0 cos@ singcosl (14)
0 sing cos@cosd

Suppose the Euler angles are assumed to be minimal
(near 0). In this case, the 7' matrix becomes an identity
matrix, and the angular rates are approximately equal to
the time derivatives of Euler angles.
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2.4 EXTERNAL FORCES, TORQUES, AND
AERODYNAMIC EFFECTS

The weight of the quadcopter is a force applied to the
quadcopter's center of gravity. It is directed toward the
earth's center and written as:

F,=mxg (15)

The Propeller Force is the linear force of the pro—
pellers, and it is strictly proportional to the speed of the
rotors. A single rotor's thrust force is proportional to the
square speed of the rotor [add ref.].

where F; is the thrust force, K, is the aerodynamic force
constant depending on the motor and propeller, can be
computed experimentally by measuring rotation speed
vs. weight scalar (thrust force) as shown below, then
applying Equation 16 to find Kj.

VOLTAGE read

CTURRENT read

s

Figure 3. The developed test rig to find the characteristics
of the used motor and propeller

The Hub Torque of the propellers is responsible for
yaw rotation in the quadcopter; its effect is defined as [12]:

M; = K, Q7 (17)

where: i=1, 2, 3, 4. And M; is the aerodynamic moment,
K, is the aerodynamic moment constant depending on
the motor and propeller can be computed experimen—
tally by measuring rotation speed versus the generated
torque (M, = weightx arm length) as shown below in
Figure 4, then applying Equation 17 to find K.

weight scale

Figure 4. The developed test rig to find the aerodynamic
moment constant (Kj)
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By evaluating the aerodynamic forces and moments
induced by propellers, the three My, My, and M, com—
ponents of My can be obtained. Each propeller generates
an upward thrust force F; and produces a moment M;
with the rotational direction of the corresponding rotor
in the opposite direction.

3. CROSS-QUADCOPTER CONFIGURATION

When there is a difference between the summation of F,
and F; and the summation of F; and F,, the rolling
moment (My) has to be multiplied by L/N2, which is the
half dimension between the two forces' action lines.
There is a rolling moment (M) about X-axis, as shown
in Figure 5.

My =(Fy+F~F - F)L/\2 =

(18)
=(Qi +0 -0 —Q%)LKf /N2

F1

Figure 5. Cross-quadcopter general motions

Similarly, the pitching moment M, about the X-axis
can be obtained as follow:

My =(Fy +Fy—F —Fy)L/\2 =

19)
- (Qi +0 -7 —Q%)LKf /N2
The resultant reactions of the four aerodynamic mo—

ments of rotors generate the yawing torque M, in the

body frame around the Z-axis.

M(p =M1—M2 +M3—M4 =

20
=KH(Q%—Q§+Q§—Q§) 20

By substituting Equations 18, 19, 20 in Equation 8§,
M5 becomes:

(QZ+Q§—Q§—Q§)LKJ,/\/§

M
4
Mg =| M, |= (Q§+Q§—Q%—Qi)LKf/\/§ 1)
M
¢ (Q%—Q§+Q§—QE)KH

The quadcopter has four inputs to four separate
rotors, each corresponding to a certain motion form.
Hence, the controllable parameter for the quadcopter is
the angular velocity of its rotors. Thus, the control
inputs vector can be written as U = [uy,uy,us,us] where
each input can be obtained as follows:
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u = (Q% + Qg + Q% + Qi ) Kf throttle control

Uy = (Q§ +QI-0F - )LK 1 /2 rollcontrol o)
us =(QF +QF -7 ~Q3 | LK /2 pitch control

uy = (Q% —Q% +Q§ —Qi)KH yaw control

Equation 23 below is called the motor mix algorithm
[13], which converts the control input vector (u,u,,
us,u.) to motors speeds (Q21,02,Q3,0Q4).

i 1 —\/7 —\/7 y —‘
Ky LK, LK, Ky
) —~2 V2 -y “
| 1| /Ky LK, LK, Ky || u
23)
o5 4 }/ V2 \/7 y ug
Ky LK, LK, Ky g

J; J%’%ﬁ ﬂf%Kf hn

Plus-Quadcopter Configuration

When there is a disparity in the values of the forces F,
with F, and F; with Fymultiply by L, which is the half
dimension between the two forces results in an action
line, there was the rolling moment M. about X-axis, as

of

o -
shown in Figure 5.
o3
o
M, =(F4—F2)L:(QZ—Q§)LKf 24)

L
V2L

7

Figure 6. Plus-quadcopter general motions

Following the same way as in the cross-quadcopter, the pi—
tching moment about Y-axis can be obtained as follows:

M, =(F3—F1)L:(Q§—Q%)L1<f (25)

The resultant reactions of the four aerodynamic
moments of rotors generate the yawing torque (M,) in
the body frame around the Z-axis.

M, =M, — My + My — M, = KH(Q% ~05+03 -3 (26)

By substituting Equations 24,25,26 in Equation 8§,
M3z becomes:
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W, (Q?1 —Q%)LKf

MB: Mg =

My Ky (07 -95 +03 -7

(@3-af LK, (27)

Hence, the control inputs vector, which contains four
controllable parameters, is U = [uy,us,us3,us] where each
input:

u = Ky (QF + 03 +Qf + Q] ) altitude
uy = LK ; (QF - Q3 ) roll attitude

2 f ( 1 2) 28)

us = LK (Q} -3 ) pitchatitude

uy = Kgy (Q% —Q% + Qg —Qi )yaw attitude

2
u ko kp Ry kp ||
2
w | | 0 ~Lkp 0 LK/ Q] (29)

w| [LK; 0 -LK; 0 |03

Uy ky  —ky ky k|| o3

[ 1 0 1 1/
o Af /L’ff AH

u
0 _1 0 -1
o 1 ﬁ‘kf ki || ug (30)
20 4| 1 0 -1 1 u
% Af /ka S ||

; 1 1
0 —k
_Af /L’ff ]

Translational motions

Newton's second law [11] can be used to define the
translational motion of a body:

Fy = K 31

F is the difference value between thrust force and
gravity, where 7 is the acceleration of the quadcopter
from the earth frame and equals to:

(32)

SF

The total thrust that rotors produce is only one com—
ponent in the Z-direction, and it is calculated by:

‘Fth :F1+F2 +F3 +F4 (33)
Substituting Equation 7 in the above equation gives:

F, =Kf(Q%+Q§+Q§+QZ) (34)

The only non-gravitational force remaining in action
is when the quadcopter is in a steady-state condition.
Equation 13 will be [14,15]:

. 0 0
m|i, |=| 0 |+RY| 0 |-F, (35)
i —mg Ey

The rotation matrix R,l)’ should be multiplied by F,.
In order to obtain the thrust forces of the rotors in the
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earth frame. In this way, the equation is valid for every
orientation of the UAV quadcopter. As shown in Equa—
tion 23, the zero values in the force vector imply that
there is no force in the X and Y directions, while the
third row in the matrix is simply an extension of the
thrust forces supplied by the four propellers. Aerodyna—
mic effects [16] are added to the equation by consi—
dering the drag forces (F;), which can be accessed
through:

F; = K i* (36)
where ris the time derivative of the position vector,

T
which equals to |:r'x,r'y,r'z:| and K, is the drag force

constant, which depends on the outside area of the
quadcopter and air density as follows[17]:

I<d :épCDA (37)

where p is the air density (kg/m?®), Cp is the aerodynamic
drag coefficient, and 4 is the effective area (m?).

K, for both plus and cross quadcopter was calculated
directly using the SolidWorks Flow Simulator. Drag
force constants in the Z direction are the same for each
configuration because they have the same effective area,
but in the X or Y directions, the constants have different
values because the different effective areascause differ—
rent isosurfaces (airflow distribution in the space) and
flow trajectories at the same X speed motion, as shown
in Figure 7.

Figure 7. plus and cross quadcopter flow trajectories

Going back to Equation 2 and substituting each term
with its corresponding will get:

1, 0 ol[d| [p] [, o o] [p

0 I, 0@+ q|x|0 I, 0|xlql|+

0 o L|v¥|lr]]o o 1 r

: 4 y/ z (38)
p 0 lu2

q X 0 = lu5

r J,Q uw
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Hence, the angular accelerations of the quadcopter
can be presented as follows:

. (1, -1 J. . 1
=yl L |-, +— 39
¢ l//[ Ix j Ix r Ixu2 ( )
. (I, -1, .
0 =yp| - +£m,+iu3 (40)
I, I, I,
(I, -1 1
i = g0 - +—uy (41
v ¢( I J Izl%( )

Applied and represent the equation of translation
motion (23) to find ( %, y,Z ) parameters. Substitute each

term with its corresponding equation. Will get:

[ % 0 0 x
m|y|=| 0 |+R/| 0 |-Kg4|5 42)
| & —mg uy z
0 (SpSy + CpSOCY )y %
£| |-mg (CHCOm 2
. up I(dx .
i=—1(SpSy +CgSOCy ) - x (44)
m m
K,,
5 =L(ChSw SO+ SpCy)-—2 5 (45)
m m
. u Kdy .
i = ;(c¢s¢//sa +SpCy ) - —y (46)

As a result, adjusting the roll and pitch angles allows
effect movement along the X and Y axes.

PID Control system

PID stands for Proportional, Integral, and Derivative,
and it is a feature of flight controller software that ana—
lyzes sensor data and determines how quickly the
motors should spin to keep the quadcopter rotating at
the appropriate speed, Figures 8 and 9. The PID cont—
roller's objective is to reduce "error", which is the dif—
ferrence between a measured value (gyro sensor measu—
rement)[ 18] and the desired set-point (the desired rota—
tion speed). The proportional component of the PID
preserves quadcopter stability, while the integral com—
ponent accomplishes precision and the derivative com—
ponent controls speed. The relevant gains (P, I, and D)
must be fine-tuned for better control performance [19].
Hence, the tuning method offered by MATLAB Simu-—
link was utilized for this purpose [19]. The MATLAB
optimization tool makes adjustments to the inputs in
order to produce the appropriate output signal based on
the conditions that have been predefined. A series of
simulations was carried out until the best feasible
combination of parameters was discovered to produce
output signals that were identical to the input signals. In
the Simulink software, the same continuous-time PID
controller was used for each quadcopter configuration,
the reason is that there is no difference in the dynamic
models and equations of motion, but only the difference
between them lies in the mix of speeds logarithms (23

FME Transactions



and 30), which can be found from the PID outputs so
that PID will be the same in both configurations.

throttle > ul

t,ﬁdes @ Pi Dq‘b uZ

Bdes )@ PIDg u3

Prdes | .:‘ Pl Dw ud
@, f Wy

Figure 8. PID control systems

Frame parameters

The total weight of the quadcopter once the electrical
components were attached was 841 grams, considering the
mass distribution and densities for each component and the
magnitude of the mass moment of inertia for the two quad—
copters around each axis calculated based on SolidWorks
software [20], as shown in Table (2). The other parameters,
such as K, and K, were found experimentally.

Table 1. Quadcopter parameters

Parameter Value
m 0.841 Kg
L 30 Cm
Ky 1.3858*10° N.m.s
K¢ 1.3328%*10° N.s*
Ir 0.0045 kg.m’
Cross quad 0.1040 kg/m
Kd,,Kd,
plus quad 0.1465 kg/m
Kd,,Kd,
kd, 0.4044 kg/m
Table 2. Mass moment of inertia
I, I, I,
Cross 0.01121 0.01114 0.02179
Quadcopter
Plus 0.01105 0.01111 0.02179
Quadcopter

Table 3. The obtained PID gains

Kp K Kp

Roll | 0.2082 | 0.01214 | 0.7931
Pitch | 0.2082 | 0.01214 | 0.7931
Yaw | 0.0507 | 0.00296 | 0.1933

Methodology

The control systems for both plus and cross quadcopter
configurations are connected to the same set-point
inputs. First, they were given a rolling angle of 45°, and
the six signals (the pitch, roll, and yaw from each
quadcopter), the set-point, and feedback were collected
in one scope to be easily investigated. The process was
then repeated for each pitch, yaw, and quad separately.
The Simulink in Figure 9 shows in the (motor mix
algorithm block) the difference between the cross and
plus quadcopter as motor mix algorithm equations (10,
23, and 30).

FME Transactions
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Figure 9. Simulink PID quadcopter system

Power consumption

UAVs are typically electric vehicles powered by on—
board batteries that have a finite lifespan. The short
battery life of UAVs has been noted as a significant
issue. Hence, in this paper, the effect of quadcopter
configuration on the consumed power has been invest—
tigated. There are many ways to calculate the consumed
power of brushless motors. It can be practically calcu—
lated by knowing the instantaneous current taken from
the battery and multiplying it by the battery voltage[12],
or the total power consumed by each motor is directly
proportional to the Hub torque of the rotor part with the
propeller (Equation 17) multiplied by the rotation speed
(rad/sec).

By summing the energy consumed by all the motors,
the total energy consumed for each quadcopter can be
estimated. Figure 10 shows the Simulink used for
calcu—lating and comparing the consumed power.

—p{n1
—pn2
—p»{n3 * PX
—p{nd4 fcn

cross_Quad power |:|
—»{n1 Quad-motors powers
3 2% 4 bp absorption
—p{nd4  fcn

plus_Quad power

Figure 10. The designedSimulink calculates and compares
the energy consumed for each quadcopter

4. RESULTS

The work presented shows that when examining the
movement of the two quadcopters in the Z-direction at a
certain speed, each of the two quadcopters will show the
same resistance to the air when rising or vertical descent
because the air-repelling area of the frame from above
and below is the same area for the two quadcopters, so
the air resistance force for them is equal. However,
when moving in the X or Y direction, there is no dif-
ference on the same quadcopter because of the sym—
metry of the frame. But the difference is between each
of the two frames due to the difference in the area and
angle of air repelling (see Figure 7). The air trajectories
flow is different, which means that the F, for the cross
frame does not equal its value for the plus frame (when
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X or Y speed is constant). This is because the effective
area of air repelling when traveling in the X or Y
direction of the cross quadcopter was 0.0091 m?, which
is less in comparison to the plus quadcopter (0.01356
m?), and the larger effective area caused confusion and
instability as a result of the air impedance of the larger
area. So the cross quadcopter's drag force constant (Kd)
will be less for the plus quadcopter when traveling in
both X and Y directions (see Table 1).

The following figures show the results of applying the
identical PID control to both quadcopters. The motors
mix algorithm can differentiate between the two quad—
copters. For example, to turn the plus-quadcopter to the
right (rolling), the speed of motor #3 is increased while
the speed of motor #1 is decreased (Figure 2A), and vice
versa if it is turned to the left. The same concept can be
applied to forward and backward move—ment (pitching).
Rotating the quadcopter around itself (yawing) is
produced by increasing the speeds of motors #4 and #2
and reducing the speeds of motors #1 and #3 or vice
versa. Figure 2B shows the cross quadcopter; if we want
the quadcopter to roll to the right, we will raise the speeds
of motors#3 and #4 while decreasing the speeds of
motors#1 and #2 and vice versa. The same idea applies to
forward and backward movement (pitching). The
(yawing) is the same as in the plus quadcopter.

As a result of these movements, when Equation 10 is
applied to each quadcopter, the difference in the speeds
is formed, producing what is previously defined as the
residual rotational velocity (£2,). As discussed earlier,
this speed becomes an issue if its value is significant.
For example, Figures 10 and 11 of the plus quadcopter
show this when it is pitching. As shown in the above
mentioned figures, a minor unstable signal is formed.
The pitch transient signal is created when moving with
the roll and vice versa. This signal is caused by the
formation of ©,, which is bigger in the plus quadcopter
than in the cross one, as shown in Figures 12 and 13, for
the same frame, constants, and control system. As a
result, it can be stated that the cross quadcopter is more
stable in terms of motions and maneuvering than the
plus quadcopter.

Regardless of the pitch, roll, and yaw trim settings,
the necessary power at all speeds is the same, as
illustrated in Figures 14-16. Also, Figure 17 shows that
when quads over are stable, the power of the collective
speed is equal to 180 Watts for the two types.

40 phi_desire
~——phi_out

g theta_desire1
E theta_out

i‘; psi_desire

= psi_out -

Figure 11. Plus quadcopter pitching response
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Figure 12.Plus-quadcopter rolling response
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Figure 13. Plus-quadcopter yawing response
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Figure 14. Cross-quadcopter pitching response
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Figure 15. Cross-quadcopter rolling response
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Figure 16. Cross-quadcopter yawing response
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5. CONCLUSION

The same frames may be utilized in the form of the
cross quadcopter and the shape of the plus, according to
the previous models and results, and this can be done in
two steps:

1- In the plus quadcopter, the body frame axes (X and
Y) are parallel to the arms, while in the configuration
cross, they are at a 45-degree angle.

2 - The Plus quadcopter has a particular algorithm for
controlling the motors based on the motions, and the
cross quadcopter has its own algorithm.

In terms of performance, If we take the same frame
and make it once in the form cross and once in the form
of a plus, the cross quadcopter has been proven to be
more stable in maneuvering due to the absence of
residual rotational velocity. The aerodynamic analysis
of the two frames showed that the drag force when
rising up and down for both frames is equal. But it in
both directions (pure X or Y) for the plus shape is
greater than the cross frame, which causes aerobic
swing. In terms of energy consumption, as a theoretical
ideal, both quadcopters consume the same amount of
energy during all types of movement. However, the plus
quadcopter is exposed to a greater drag force than the
cross quadcopter, which requires more energy to
overcome it. This is the reason behind the cross
quadcopter's supremacy and popularity over the plus
one and the latter's demise from interest.
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NOMENCLATURE

roll angle

pitch angle

yaw angle

motor rotation speed
residual rotational velocity
thrust force

drag force

ITODEOR
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P

Jr
K¢

FmZECR

ground acceleration

mass moment of inertia

rotor inertia

aerodynamic force constant
aerodynamic moment constant
length of arm

mass of quadcopter

torque

power

controlinput

IHOPEBEIE ITUHAMMNYKOI MOJIEJIA 1
KOHTPOIJIE JIETA IINTYC U YHAKPCHHUX
KBAJIKOIITEP KOHOUT'YPAIIUJA

K.K. Anu, A.A. [1a0ep
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OBO wuCTpaxkMBambe HCTpaxyje U TMokasyje ¢yHma—
MEHTaJHe pa3iiiKe y nepdopMaHcamMa U pajy U yHaKk—
PCHHUX W KBaJIKONITEPCKUX KOHpUTrypanuja. HennHneapuu
JUHAMHUYKH MOJCI CUCTEMA je IpBO MU3BCACH U UMILJIC—
MeHTHpaH y CHUMyIHHK-Y 3a CBakd KBaJpoKomTep. 3a
00a KBaJpOKONTEpa NPUMEHECHE CY HICHTHYHE [TOYETHE
KOHTpoJIHE BpenHocTH. Ilmyc-xoHdwurypamuja crBapa
MOMEHT CKpeTama Kaja Ce yJia3 3a KOHTpOJy Haruba
WA TIpeBpTama Hamaja moMohy KOHTpOJIAa ca BHIIE
portopa; MehyTuMm, yHaKpcHa KOH(HTyparnmja pa3aBaja
KOHTpOly Haru0a W TpeBpTama Of CKpeTama.
Mebhytum, TuTyc-KBajg je IOKa3ao 3HA4YajHy HecTa—
OWJIHOCT JIOK C€ POTHPAao Ca KOPaKOM M KOTPJbamEM
300r caMOreHepHcaHe IIpeocTalle poTaluje UYeTUPH
poTopa, Koja je Majia y YyHaKpCHOM KBaJPOKOITEPY, IITO
ra YUHU CTaOWJIHHMjUM Y TOTJIey MaHeBpucamwa. JJoon—
JEHH pe3yNTaTH Cy MNoKazanud jJa o0a KBajJpoKonTepa
TpPOILE UCTY KOJIMUUHY €Hepruje.
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