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Abstract. This study proposes an aircraft design that
can enable the development of a safe coanda drone
without exposing the propeller. In the previously pro-
posed coanda drone design, there is no external force
in the yaw axis direction in the linear approximation
model; therefore, the model is not controllable. This
study proposes redesigning the propulsion mechanism
that had previously been designed to be perpendic-
ular to the ground to enable effective control of the
yaw axis. The state equation derived shows that the
airframe redesigned is controllable. The angle of the
propulsion mechanism was changed at an interval of
15 degrees in the range 15–60 degrees, and the differ-
ence in response at that time was compared and ver-
ified through the simulation experiments conducted.
This study shows that the redesigned coanda drone is
controllable and useful in future control system de-
signs. Since payload is important in drone systems,
it was often assumed that tilting the thrust mechanism
of the drone should be minimized; however, the results
presented herein show that tilting of the thrust mech-
anism is not a significant issue from the viewpoint of
mobility.

Keywords: Drone, UAV, UAS, Design, Modeling, Con-
trol, Coanda effect

1. Introduction

In recent years, multicopter type drones starting with
AR drone often comprises multiple propellers spreading
explosively [1, 2]. Since multicopter type drones are easy
to operate and cost effective, they are currently being used
in several fields, such as aerial photography, transporta-
tion, pesticide spraying, disaster response [3], medical
practice [4], and forest observation [5]. In addition to
applications in various fields, examples of patent appli-
cations relating to the use of drones are becoming popu-
lar [6]. As drones are increasingly used in several fields,
danger, particularly that of exposure to propellers, is be-
coming a major concern. Since drones include propellers

rotating at high speed, the risk of injury due to contact is
significantly high even if the drone just flies close to the
people. While the drone’s fall from above is also danger-
ous, the presence of a rotating propeller at that time may
increase the damage and lead to a more serious accident.
Since the propeller of a large drone increases in propor-
tion with the size of the drone, the safety of the operator
and the surroundings during operation should be ensured.
With the proliferation of drones in recent years, the risk of
drone’s falls and contacts is expected to increase. To solve
these problems, we have previously proposed a safe drone
design (hereinafter referred to as coanda drone) using the
coanda effect which does not expose the propeller [8].
The coanda effect is a phenomenon by which a viscous
fluid with a high velocity draws in the surrounding fluid.
By using this phenomenon, the coanda drone attempts to
fly at a flow rate greater than the flow rate observed inside
of the aircraft. The coanda drone eliminates the expo-
sure of propellers, which has been considered dangerous
in previous multicopter drone systems and improves the
safety of drones in the event of contact or fall. In addi-
tion to the inclusion of the propeller, the coanda effect has
been applied to cope with the reduction in propulsion ow-
ing to the inclusion of the propeller. The coanda drone
discussed in this paper refers to the propulsion mecha-
nism design of the coanda drone optimized proposed in
our previous study [8]. The purpose of this study is to
present a way of designing a controllable coanda drone by
redesigning the aircraft in such a way that the propulsion
mechanism would be tilted to realize yaw control that en-
sures simple flight control of the coanda drone. Because
stabilizing the aircraft via the controller only is quite com-
plicated and sometimes may result in accidents when the
aircraft shape is changed, which was not expected ini-
tially [9], it is crucial to design the drone with a focus
on the control system design. Therefore, modeling the re-
designed coanda drone is very important and cannot be
overemphasized. While thrust is distributed circularly in
the propulsion mechanism in the coanda drone, it is diffi-
cult to design due to the distributed thrust required when
designing its control system. Therefore, for simplicity of
the model, a model that assumes a distributed thrust as a
plurality of thrust points is proposed. This study makes
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it possible to realize a safe coanda drone with a simple
control system.

2. Equations of motion

Fig. 1. New Coanda Drone Image

This paper focuses on the coanda drone design, which
is outlined in figure 1. This section presents the coordi-
nate system needed to describe the motion of the proposed
coanda drone. Furthermore, the position vector of the
point generating the thrust of the propulsion mechanism is
also presented. In this study, we used the three coordinate
systems shown in figure 2. The first coordinate system is
a right-handed inertial coordinate system F̂ i fixed to the
ground with a certain reference point on the ground as the
origin. In this paper, this coordinate system is referred to
as a fixed coordinate system. The unit vectors îi, ĵi, and
k̂i of the fixed coordinate system F̂ i in each axis direction
take the north direction, the east direction, and the vertical
direction in the positive direction, respectively. The sec-
ond coordinate system is a right-hand moving coordinate
system F̂b fixed to the body with the center of gravity of
the body as its origin. In this paper, this coordinate sys-
tem is referred to as a body coordinate system. However,
to simplify the moment of inertia tensor, each axis of this
coordinate system can be aligned with the principal axis
of inertia. The unit vectors îb, ĵb, and k̂b in each axial
direction of the body coordinate system F̂b take the for-
ward direction of the airframe, the rightward direction of
the airframe, and the downward direction of the airframe,
respectively, in a positive direction. The third coordinate
system considered is the coordinate system F̂n used for
navigation, which has the same origin as the fixed coor-
dinate system. In this paper, this coordinate system is re-
ferred to as a navigation coordinate system. The unit vec-
tors în, ĵn, and k̂n in each axis direction of the navigation
coordinate system F̂n assume the positive directions of
north, east, and up. The transformation of each coordinate
system can be performed as follows. First, the conversion
from the fixed coordinate system to the body coordinate
system would be presented. Herein, we consider a vector
represented in the fixed coordinate system F̂ i and the body
coordinate system F̂b as

[
xi yi zi

]T,
[
xb yb zb

]T, re-

spectively, where ·T represents a transposition of a vector
or matrix. The relationship between the two vectors can
be expressed using the rotation matrix R, Figures 2 and
3 show the parameters, signals, and the body coordinate
system of the aircraft. The four circles in the figure 2,
C1,C2,C3,C4, represent the propulsion mechanism using
the coanda effect. As described above, we considered an
approximate thrust in this paper. These thrust forces are
represented by fi,1, fi,2, fi,3, fi,4 for each Ci. Similarly, the
point at which four thrusts exist in each propulsion mech-
anism is defined as Ti, j, and the center of each propulsion
mechanism Ci is defined as Oc

i .
The position vector in the body coordinate system of

each point Ti, j generating thrust was obtained for use
in the derivation of the external force moment in the
equation of motion,. As mentioned above, the propul-
sion mechanism rotates about the axis in the îb direc-
tion through the center of each propulsion mechanism to
obtain yaw direction input. First, it is assumed that the
propulsion mechanism C1 is not rotated about the axis in
the îb direction. Herein, the point corresponding to the
rotated T1,1 is defined as T′1,1. Next, the propulsion mech-
anism C1 is rotated about an axis parallel to the îb axis.

3. Linear Model Approximation and its Analy-
sis

In this section, we present an analysis based on the lin-
ear approximation and the linear approximation model of
the derived state equation. A linear approximation of the
state equation can be examined by considering the motion
of the aircraft near the operating point. First, in 3.1, we
derive an operation point which is a state in the neigh-
borhood where the motion of the airframe is examined.
Next, in 3.2, we derive a linear approximation established
in the neighborhood of the operation point. Finally, 3.3
describes the controllability of the derived linear approxi-
mation model.

3.1. Derivation of the Operating Point
In this paper, we derive the operating point (xxxe,uuue)

of the aircraft by considering the motion of a small dis-
placement from its hovering state. Here, xxxe = 000. Thus,
fff (xxxe,uuu(t)) can be expressed as

fff (xxxe,uuu(t)) =



0
Sη (u2(t)+u3(t))
MBg−Cη u1(t)

α5u2(t)+α6u3(t)
β5u4(t)+β6u5(t)
γ5u6(t)+ γ6u7(t)

0
0
0
0
0
0



. (1)
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Fig. 2. Parameters and the Body Coordinate

Fig. 3. Signals and the Body Coordinate

In this case, the input uuu(t), where the given expression
is 000T, is uuue. That is, the solution of the following simul-
taneous algebraic equations is the control input uuue of the
operating point. MB denotes the mass of the coanda drone.

Sη (u2(t)+u3(t)) = 0, (2)
Cη u1(t) = MBg, (3)

α5u2(t)+α6u3(t) = 0, (4)
β5u4(t)+β6u5(t) = 0, (5)
γ5u6(t)+ γ6u7(t) = 0. (6)

From the structure of symmetry of the airframe, f1,i(t) =
f2,i(t) = f(t) = f3,i(t) = f4,i(t) can be regarded as the so-
lution of the simultaneous algebraic equations. At this
time, ui(t) = 0, i = {2,3,4,5,6,7}, and the expressions
(2) and (4) – (6) can be said to hold. Finally, from equa-
tion (3), u1(t) = MBg/Cη is the solution of the simultaneous
algebraic equations. Therefore, the operating point of the

aircraft can be expressed as

xxx(t) = xxxe = 000, (7)

uuu(t) = uuue =
[

MBg
Cη

0 . . . 0
]T

. (8)

3.2. Linear Approximation

In the neighborhood of the derived operating point, the
model can be approximated linearly as

E ′′
d
dt

∆xxx(t) = A′∆xxx(t)+B′∆uuu(t), (9)

where ∆xxx(t),∆uuu(t) denote differences from the operation
points. ∆xxx(t) = xxx(t)− xxxe,∆uuu(t) = uuu(t)− uuue. In addition,
E ′′,A′,B′ can be expressed as

E ′′ = E ′
∣∣
xxx(t)=xxxe,
uuu(t)=uuue

=

MBI3 000 000 000
000 Jb

B 000 000
000 000 I3 000
000 000 000 Mk̂

 , (10)

A′ =
(
a′i j
)
,B′ =

(
b′i j
)
, (11)

a′i j =
∂ fi (xxx(t),uuu(t))

∂x j

∣∣∣∣xxx(t)=xxxe,
uuu(t)=uuue

, (12)

b′i j =
∂ fi (xxx(t),uuu(t))

∂u j

∣∣∣∣xxx(t)=xxxe,
uuu(t)=uuue

. (13)

In this case, because the matrix E ′′ is non-singular, the
state equation can be obtained by multiplying its inverse
matrix from the left sides of the equations. Also, for the
prediction of the expression, xxx(t),uuu(t) can be rewritten as
xxx(t) := ∆xxx(t),uuu(t) := ∆uuu(t).

d
dt

xxx(t) = Axxx(t)+Buuu(t), (14)
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where A,B can be expressed as

A = E ′−1A′ (15)

=



0 0 0 0 0 0 0 −g 0 0
0 0
0 0 0 0 0 0 g 0 0 0
0 0
0 0 0 0 0 0 0 0 0 0
0 0
0 0 0 0 0 0 0 0 0 0
0 0
0 0 0 0 0 0 0 0 0 0
0 0
0 0 0 0 0 0 0 0 0 0
0 0
0 0 0 1 0 0 0 0 0 0
0 0
0 0 0 0 1 0 0 0 0 0
0 0
0 0 0 0 0 1 0 0 0 0
0 0
1 0 0 0 0 0 0 0 0 0
0 0
0 1 0 0 0 0 0 0 0 0
0 0
0 0 −1 0 0 0 0 0 0 0
0 0



,

B = E ′−1B′ (16)

=



0 0 0 0 0 0 0
0 Sη/MB Sη/MB 0 0 0 0

−Cη/MB 0 0 0 0 0 0
0 α5/Jx α6/Jx 0 0 0 0
0 0 0 β5/Jy β6/Jy 0 0
0 0 0 0 0 γ5/Jz γ6/Jz

0 0 0 0 0 0 0
0 0 0 0 0 0 0
0 0 0 0 0 0 0
0 0 0 0 0 0 0
0 0 0 0 0 0 0
0 0 0 0 0 0 0



.

3.3. Controllability Analysis
The purpose of this paper is to evaluate whether the

above derived model, equation is controllable or not.
Therefore, the controllability of the model can be ascer-
tained by checking the controllability matrix. As a result,
we confirmed from the rank condition of the controllabil-
ity matrix that the linear approximation model is control-
lable with η 6= 0.

4. Simulation

In this section, the effect of the parameter η on the state
equation of linear approximation is investigated. First, in
section 4.1, a control system applied to a linear approxi-
mation model is presented to facilitate comparison based

on simulation experiments. Next, 4.2 presents the results
of the simulation conducted.

4.1. Control System Design
In this paper, the optimal control based linear quadratic

regulator (LQR) and linear quadratic integral (LQI) con-
trol method were selected as a control system for compar-
ison [13, 14]. Because the controllable parameter η dis-
tributes thrust in both horizontal and vertical directions,
its effect is expected to appear as a trade-off between pay-
load and attitude control. Therefore, it has been pointed
out that the control target in the simulation needs to follow
the step reference input in terms of altitude and yaw angle
while maintaining hovering ability. Therefore, two opti-
mal control methods: LQR and LQI control, were used
together. For optimal control of the LQR or LQI con-
trol, a weight matrix of an evaluation function needs to be
specified as a design parameter. It should be noted that
it is necessary to make the values of this weight matrix
common regardless of the value of η . By doing so, the
difference in the simulation results depends only on the
parameter η , and it has been reported that the influence of
the parameter η can be easily examined by comparing the
responses. For the design of LQR and LQI control sys-
tems, the derived linear approximation of the state equa-
tion is decomposed into two subsystems Σ1,Σ2. That is,
there are two subsystems, xn(t),yn(t),φ(t),θ(t), Σ1 for
LQR control, and zn(t),ψ(t), Σ2 for LQI control. The
LQR and LQI control systems are designed for these two
subsystems, respectively. Fortunately, the derived linear
approximation of the state equation can be decomposed
into two independent subsystems, Σ1,Σ2, which do not
interfere with each other, as follows.

Σ1 :


d
dt

xxx1(t) = A1xxx1(t)+B1uuu1(t),

yyy1(t) =C1xxx1(t),
(17)

Σ2 :


d
dt

xxx2(t) = A2xxx2(t)+B2uuu2(t),

yyy2(t) =C2xxx2(t),
(18)

For these subsystems, the control structures of LQR and
LQI are shown as figures 5 and 4. The gains of each con-
troller, K1,K2, can be obtained as solutions of the opti-
mization problems by minimizing the following evalua-
tion functions, J1,J2, respectively.

J1 =
∫

∞

0

(
xxx1(t)TQ1xxx1(t)+uuu1(t)TR1uuu1(t)

)
dt, (19)

J2 =
∫

∞

0

(
zzz(t)TQ2zzz(t)+uuu2(t)TR2uuu2(t)

)
dt, (20)

where zzz(t) is zzz(t) =
[
xxx2(t)T eee(t)T

]T
,eee(t) = rrr(t)− yyy(t)

and rrr(t) is a reference input. For simplicity, in this paper,
Q1,R1,Q2,R2 are used as unit matrices of appropriate di-
mensions.

4.2. Simulation Results
Simulations were performed using Matlab and

Simulink with the reference input rrr(t) as a step input
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Fig. 4. Block Diagram: Σ2 with LQI

Fig. 5. Block Diagram: Σ1 with LQR

without setting the disturbance and the initial condition
of the coanda drone.

Further, four parameters of η for enabling control,
η = {15°,30°,45°,60°}, were used. However, because
η = 0 (case of the coanda drone designed in a previous
study [8]) cannot be compared under the same conditions
as η 6= 0, a case of η = 0 is not carried out in this study.
In this paper, while the control results of different values
of η are compared by using the same evaluation function
in designing control systems such as LQR, in the case of
η = 0, the linear approximation model is uncontrollable
and the LQR or LQI control system cannot be designed.
Therefore, if η = 0, it cannot be compared under the same
conditions as η 6= 0, so simulation under such condition
was not conducted. At this point, the designed control
gains K1,K2 with respect to η are as follows.

The simulation was conducted under the following set-
tings. Simulation results are shown in figures 6 – 10. Fig-
ures 6 and 9 show the input u1(t) and output zn(t) of sub-
system Σ2, respectively. Figures 7 and 8 show inputs u6(t)
and u7(t) of subsystem Σ2, and figure 10 shows the output
ψ(t).

0 1 2 3 4 5 6 7 8 9 10
-0.1

-0.05

0

0.05

0.1

0.15

0.2

0.25
 = 15°

 = 30°

 = 45°

 = 60°

Fig. 6. Input 1 u1(t)

5. Conclusions

In this study, we succeeded in creating a controllable
model by tilting the ejection mechanism of coanda drone.
The controllability of the proposed design was confirmed
by deriving the state equation of coanda drone’s model.
A simulation model was prepared using 3DCAD and the
simulation experiment was conducted using MATLAB. In
the simulation, we confirmed that the model is easier to
control by changing the η angle. Because the proposed
coanda drone is a safe drone that is not susceptible to
the danger of propeller exposure, the coanda drone can
be considered to be less likely to be damaged when the
coanda drones collide with one another; also, the proba-
bility of a fall is low. A drone with a low probability of fall
can be said to be very robust when used as a field robot.
Further, it is expected that future drone usage will not be
limited to one or two drones, but will involve the simul-
taneous operation of a large number of drones. In such a
case, a coanda drone can be very useful. Moreover, the
high safety of coanda drones implies they can be oper-
ated in urban areas and can be deployed very easily for
applications such as logistics, infrastructure, and disaster
response. They are expected to bring a significant social
impact in terms of improved time efficiency in perform-
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Fig. 7. Input 2 u6(t)
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Fig. 8. Input 3 u7(t)
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0
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Fig. 9. Output 1 zn(t)

0 1 2 3 4 5 6 7 8 9 10
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Fig. 10. Output 2 ψ(t)

ing work and replacement of human being in performing
dangerous work.
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