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Demand for a large-size multi-rotor Unmanned Aerial Vehicle (UAV) in industrial fields is increasing and the force
control of multi-rotor UAVs will be important when a UAV interacts with the surrounding environment. Multi-
directional propellers drone which is generally referred to as fully actuated UAV or six degrees of freedom (DOF)
UAV is receiving interest as one of the suitable UAVs for force control. Wind disturbance is one of the difficulties of
force control of multi-rotor UAVs and it is important to separate the force caused by wind from others to recognize
non-wind force by estimating wind vector. However, conventional methods to estimate wind vectors have difficulty
distinguishing force by wind and non-wind force without additional equipment. In this study, a new observer-based
method of wind vector estimation for large industrial multi-directional drones is proposed. The method uses the rela-
tionship between the counter torque of propellers and wind velocity. The counter torque of propellers is estimated by
the observer. The effectiveness of the proposed method is confirmed by simulations and experiments.
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1. Introduction

Recently, the demand for large-size multi-rotor UAVs has
been increasing in industrial fields to obtain the following two
advantages “®. First of all, a large multi-rotor UAV is capa-
ble of lifting heavy payloads, such as large cargo or heavy
equipment for inspection. In addition, according to the mo-
mentum theory, it is efficient to use large propellers with low
rotational speed to generate thrust.

Conventionally, multi-rotor UAVs have been mainly used
to take aerial images or to carry packages with one multi-
rotor UAV. On the other hand, the demand for applications
of multi-rotor UAVSs to interact with the surrounding environ-
ment will increase in the future. For example, it is considered
to use multi-rotor UAVs for cooperative payload transporta-
tion ® or hammering test on buildings and bridges . When
multi-rotor UAVs conduct such missions, it is effective to im-
plement force control in multi-rotor UAVs, such as admit-
tance control and impedance control ©®,

1.1 Multi-directional Propellers Drone Fully actu-
ated multi-rotor UAV or six DOF multi-rotor UAV is a drone
whose propellers are oriented in different directions. These
UAVs will be referred to as “multi-directional propellers
(MDP) drone” in this paper. MDP drone is currently receiv-
ing interest as one of the suitable UAVs for high-precision ap-
plications, including force control. Since a multi-rotor UAV
with parallel propellers is an underactuated system, it is im-
possible to control six DOF simultaneously. On the other
hand, as shown in Fig. 1, mounting propellers in different
directions allows the drones to control their six DOF sepa-
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Fig.1. Multi-directional propellers drone.

rately ©?. This means that an MDP drone is able to achieve
translational motion without tilting its body. Taking advan-
tage of this feature, an MDP drone is expected to be used
when force control is required, such as contact inspections ®.

1.2 Wind Vector Estimation by Multi-rotor UAV
One of the significant difficulties of force control for outdoor
multi-rotor UAVs is wind disturbance. The force caused by
a wind disturbance should be separated from others to recog-
nize non-wind force accurately and to implement force con-
trol. Hence, it is important to estimate a wind vector that
flows into the multi-rotor UAV to distinguish the force caused
by wind and non-wind force.

Some methods were proposed to date to estimate wind vec-
tors with multi-rotor UAVs,

e Wind vector estimation by using external wrench esti-

mation with an Inertial Measurement Unit IMU) ©

e Wind vector estimation by using the relationship be-

tween a tilt angle and wind velocity with an IMU "

e Wind vector measurement by using an anemometer ‘"
The external force applied to the body frame of multi-rotor
UAVs is basically considered as a wind disturbance in the
first method. The wind vector is then estimated from the re-
lationship between wind velocity and force applied by the
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Fig.2. Velocities and force acting on propeller blade
element.

wind which is obtained experimentally or theoretically. This
method is able to estimate wind vectors accurately. However,
it is not easy to distinguish the force caused by wind and non-
wind force. The second method uses attitude estimation by
using acceleration and angular velocity obtained from IMU.
The wind vector is estimated by combining velocity infor-
mation obtained from Global Positioning System (GPS) and
attitude information obtained from IMU. This method is also
able to estimate wind vectors accurately. However, in addi-
tion to the difficulty in distinguishing force caused by wind
and non-wind force, there are disadvantages such as the dif-
ficulty of synchronizing sensors. The third method is able to
measure wind vectors accurately and it is also possible to dis-
tinguish force caused by wind and non-wind force. However,
an anemometer increases the load and cost of a UAV.

1.3 About This Study The conventional methods of
wind vector estimation have difficulty in separating force
caused by wind and non-wind force without additional equip-
ment. The purpose of this paper is to propose a method of
wind vector estimation for industrial large-size MDP drones
which requires no additional equipment to distinguish force
caused by wind and non-wind force.

This paper is organized as follows: Section 2 describes the
modeling of a propeller. A method of the angle of attack esti-
mation for aircraft is introduced as a previous study “* and the
new wind vector estimation method is proposed in Section 3.
Simulations are shown in Section 4. Finally, the experiments
are discussed in Sections 5 and 6.

2. Modeling of Motor and Propeller

In this section, the dynamics of the motor and propeller are
focused on. The dynamics of the propeller is described with
blade element theory.

The equation of motion of the electric motor is described
as follows:

d
T"-Q= Zand—’Z +2nBn+Te, - 1)

where T* is torque reference, J,, is inertia moment of pro-
peller, B, is viscosity coefficient of propeller, and T, is
coulomb friction. Q is counter torque which is applied in
the opposite direction of propeller rotation by the wind. » is
the rotational speed of the propeller. Thrust F' and counter
torque Q of the propeller are described as follows:

F = CF(J)anD;t’ ............ (2)

0= CQ(J)anDg_ ............ (3)

p is air density and D, is the propeller diameter. Cr is coef-
ficient of thrust and Cy is coefficient of torque. Cr and Cgp
are often described as a function of advance ratio J which is
defined as
Vp
J=—2 4)
nD,

The relationship between thrust F, counter torque Q and
wind velocity V,, which flows into the propeller, is explained
by blade element theory. Figure. 2 shows force and wind
velocities acting on the propeller blade element. The blade
element is the part which is r away from the center and has a
thickness of dr. According to Fig. 2, dL and dD are lift and
drag acting on the blade element. dL and dD are calculated

by
1 2
dL = —pCredrW?, «oovvevenens (5)

1
dD = EpCDCerZ’ ............ (6)

W= ,/Vp2 FQAN)2. e (7

c is the chord length, C; is the lift coefficient, and Cp is the
drag coefficient. Therefore, thrust dF and counter torque dQ
of the blade element is described as follows:

where

dFf =dLcos¢ —dDsing, --------- (8)
dQ =rdLsing + rdDcos¢. «------- )

Let B be the number of the blades, the total thrust F' and the
total counter torque Q of the propeller is described as follows:

FzdeF=Bf(chos¢—stin¢), .-+ (10)

Q:deQ:Bfr(dLsin¢+chos¢). <o+ (1)

According to Fig. 2, ¢ is determined by the ratio of V,, to
the air velocity flowing laterally into the blades. Thus ¢ is
obtained as

Vo

J
t = = BRI
ang = o= z (12)

According to (5)—(11), the total thrust F and total counter
torque Q are calculated by integrating (10) and (11) with re-
spect to r. Therefore Cr and Cy are considered as a function
of J.

3. Proposal of Wind Vector Estimation for MDP
Drone

In this section, the wind vector estimation method for
MDP drones using counter torque observer is proposed. The
observer-based angle of attack estimation for electric vertical
take-off and landing aircraft (¢eVTOL) has been proposed in
ref. (12). In ref. (12), airflow angle and magnitude were esti-
mated by using the information of a propeller and a pitot tube
which is a kind of anemometer.

MDP drones have the following challenging differences
compared to eVTOL. Firstly, it is not common for multi-rotor
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Fig.3. Configuration of propellers of MDP drone.

UAVs to equip a pitot tube. Secondly, airspeed for an MDP
drone is not as high as an eVTOL, which makes it more diffi-
cult to estimate wind velocity. This paper extends the method
to multi propeller system without a pitot tube and applies it to
an MDP drone. This method is based on propeller dynamics
and estimates wind vectors directly. Wind affects propeller
dynamics directly while propeller dynamics is less affected
by non-wind force. Therefore, effects caused by wind and
others can be separated by the method of this paper. The pro-
posed method requires a degree of freedom in the direction of
propellers. Therefore, large-size industrial MDP drones are
the application targets in this paper. As shown in Fig. 3, the
case of two propellers is considered in this paper to simplify
the situation.

The proposed method estimates the velocities of airflow
through the propellers by using an observer at the first step.
Then, the wind vector through the body of the MDP drone is
estimated by using the recursive least-squares (RLS) method
at the last step. The overall estimation block diagram is
shown in Fig. 4.

3.1 Airflow Velocity Estimation In the first step, the
observer-based V,, estimation method is proposed. The block
diagram of angular velocity w and counter torque Q observer
is shown in Fig. 5. Note that H in Fig. 5 is observer gain and /
is motor current. Rotational speed n and counter torque Q are
considered as the state variables and the state space equation
is described as follows:

Xx=Ax+ BI, n=Cx, --- (13)

where A, B, C and x is defined as follows:

_B, _ 1 £ 1
(7 E) e (§) ek 0

The motor torque is accurately estimated from the motor cur-
rent and thus, the effects of V), are estimated from the in-
formation of the motor current and propeller model. The
thrust control of propellers which uses this fact is proposed by
ref. (13). The idea of airspeed estimation using motor torque
is proposed in ref. (14) and adapted to the observer-based es-
timation scheme in ref. (15). From (13), Q is estimated as
a disturbance of the motor by using observer "*. Cg usually
has an inverse function of J in the operating region. There-
fore, V,, of each two propellers is designated by estimated Q

as follows:

As shown in Fig. 3, V,,; is V,, of propeller 1 and V; is V), of
propeller 2.

3.2 Wind Vector Estimation Wind vector is esti-
mated by using the estimated V,; and V. It is considered
that the case where V flows in at an angle of a to the pro-
peller. As shown in Fig. 3, V, is considered as an orthogonal
component of V and V,/V is basically described as a cosine
function. However, the error which cannot be explained only
by the orthogonal component appears in the actual experi-
mental measurement "”. Therefore, in this paper, the angular
sensitivity of V), to V is experimentally obtained as follows:

Y _ 18
7 = Cos(wa + lﬁ), .......... ( )

where w and y are fitting parameters. Therefore, V,,; and V»
in Figs. 3 and 4 are calculated by

% = cos(w(% +oz)+w), ----- (19)
balff e

Note that o is a predefined and fixed parameter ©®”. As a next
step to estimate airflow angle, RLS is used by transforming
(19) and (20) into the following equation:

where Y, 7 and 6 is defined as follows:

Y= (f/pz - Vpl)cos (% + Lp), ----- 22)
0= (Vo1 + V) sin(% + w), ----- (23)
0 = CAN(WQ). v (24)

Considering the conditions which are specific to multi-rotor
UAVs mentioned at the beginning of the section, updating
rules of RLS are divided into two cases to avoid zero divid-
ing when 7 is almost zero. Updating rules of parameters is
written as

o = [0k =1+ Thetpmeldl (>0 o
Ok — 1] (Inl < 0)

elk] = y[k] = glklOlk — 17, -~ oovveeeeeaannn (26)

prg < |3 (Pl 1= L) >
Plk-1] (Inl < 6)

Note that ¢ is a parameter determined from the noise magni-
tude.
Finally, airflow angle @[k] is estimated by

alk] = i arctan Q[k]. -+ e e (28)
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Fig.5. Full order observer.

Table 1. Parameter in the simulation.

Symbol Definition Value

Jot Inertia moment of propeller 1 7.2 x 107% kgms?

Ju2 Inertia moment of propeller 2 1.0 x 10~ kgms?
B, Viscosity coefficient of propeller 1 6.0 x 107° Nms/rad
B.» Viscosity coefficient of propeller 2 1.7 x 107 Nms/rad
T Coulomb friction of motor 1 1.5% 103 Nm
Te Coulomb friction of motor 2 3.8%x 10> Nm

K Torque constant 30.2 x 1073 Nm/A
D, Propeller diameter 0.2m

P Air density 1.2kg/m?

o Angle between two propellers 51.3 deg

P Weighting factor of RLS (Sampling period 1 ms) 0.995

§ Threshold of RLS 0.5

The airflow velocity V is estimated by
o1 Vo1 . V)0
2 cos(w(%+&)+¢1) COS(U)(%—@')+([/)
(29)

4. Simulation

A simulation is conducted to verify the proposed method.
To simplify the situation, the simulation is run with two pro-
pellers. The wind velocity V is Sm/s and the wind starts to
flow at 2 s in the simulation. The accuracy of the method de-
creases when the wind velocity is low. From the point of view
of force control, low wind velocity is not considered because
it does not have much influence on a drone body. The airflow
interference of propellers is also not considered in this paper.
The airflow angle varies 10 deg to 15 deg at 6s. The poles
of observer for w and Q of both propellers are 12 rad/s and
105 rad/s, respectively. The function of Cy and the function
of the angular sensitivity of V,, to V, which are based on ex-

perimental data, are shown in Figs. 6(a)-6(c). Each value of
data samples in Figs. 6(a) and 6(b) is the average of the mea-
surements over a three-second period. Each value of data
samples in Fig. 6(c) is the average of the measurements over
the five-second period at 1800 rpm. Both function of C and
function of the angular sensitivity of V), to V are measured
under the wind velocity of 5m/s. In addition, each value of
Cy is measured by changing the rotational speed of propeller
n. Other conditions of simulations are shown in Table 1.

4.1 Estimation of Airflow Velocity Flowing in Pro-
pellers Fig. 7(a) shows the results of the V), estimation
of each propeller. As shown in Fig. 7(a), it is confirmed that
the velocity of the airflow into the propeller is estimated for
both propeller 1 and propeller 2. The delay of the estimation
is adjusted by the poles of the observer.

4.2 Estimation of Wind Vector Figs. 7(b) and 7(c)
show the results of the estimation of wind velocity V and air-
flow angle of wind a@. As shown in Figs. 7(b) and 7(c), it
is confirmed that the proposed method is able to estimate the
wind velocity and airflow angle of the wind. Note that the air-
flow angle cannot be defined during the period of time from
0s to 2 s because no airflow is flowing in. The delay of the
estimation of « is adjusted by A of RLS.

5. Experiment

In order to validate the effectiveness of the proposed
method, experiments in the wind tunnel are conducted. To
simplify the situation, the experiments were conducted with
two propellers.

5.1 Experimental Setup The experimental condi-
tions are the same as in Table 1. The rotational speed of
the propeller is 2500 rpm. The experiment at 15 deg is also
conducted at 4800 rpm to study the effect of varying the rota-
tional speed. The poles of observer for w and Q are 12rad/s
and 105rad/s. Fig. 8 shows a picture of the experimental
setup. The function of Cy in Figs. 6(a) and 6(b) and the func-
tion of the angular sensitivity of V), to V in Fig. 6(c) are used.
Static wind vector is estimated in the wind tunnel and only
airflow from the front of the propellers is assumed in this ex-
periment. Measurements are taken at airflow angles of 15,
30, and 60 degrees, respectively. The value of the pitot tube
measured at the start of the experiment is used as the true
value of wind velocity. APC 9x8E-3 propeller, Maxon DC
motor, Maxon 10bit encoder, and Maxon motor driver ES-
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pellers system and wind tunnel.

CON70/10 are used.

5.2 Experimental Result of Wind Vector Estimation
The wind tunnel test results of wind velocity estimation at
each airflow angle and the results of airflow angle estimation
are shown in Figs. 9—11. Estimated wind velocity is filtered
by a band stop filter whose cut-off frequency is the harmonic
frequency of propeller rotational speed. From Figs. 9-11, it
is shown that wind vector estimation is achieved. Although
Cy is a dimensionless quantity and it is measured in advance,
errors can occur due to the external environment such as tem-
perature and humidity. According to Figs. 6(a)-6(b), the or-
der of Cy is 0.01. Therefore, when the value of Cp deviates
by 0.001, the maximum error of angle estimation and veloc-
ity estimation is about 6 degrees and 0.5 m/s in the simula-
tion when 5 m/s wind flows in with airflow angle O to 60 de-
grees. Those errors can be seen in Fig. 10(c) and Fig. 11(c).
Each maximum mean absolute percentage error (MAPE) of
wind velocity V estimation and airflow angle « estimation of
Figs. 10(a)-10(c) and Figs. 11(a)-11(c) is 9.4 % and 8.6 %.
On the other hand, as shown in Figs. 10(d) and 11(d), the er-
ror of wind vector estimation is found to be large when the

rotational speed is set at 4800 rpm.

As can be seen from Figs. 6(a) and 6(b), the faster the ro-
tational speed of the propeller, the smaller the value of Cg
varies. This phenomenon is referred to as “saturation of Cp”
in this paper. According to (8)—(11), a saturation of C¢ oc-
curs when the effect of the rotational speed of the propeller
on Q exceeds the effect of wind velocity on Q. When this
phenomenon occurs, the value of Cy varies little with wind
velocity and it makes it difficult to estimate true V,,, wind ve-
locity V, and airflow angle . Therefore, the cause of the
large error at 4800 rpm is considered to be the saturation of
the value of Cy.

When considering the target of the method in this research,
a large industrial MDP drone is expected to hover at the lower
rotational speed of propellers than a small multi-rotor UAV
due to the use of larger propellers. Therefore, it can be con-
sidered that saturation of Cy is less likely to occur when a
large industrial MDP drone is hovering. Even for a large
industrial MDP drone, the rotational speed of the propeller
must be increased during forward flight. However, the veloc-
ity of the airflow flowing into the propellers is also increased
and saturation of Cy is less likely to occur. Considering all
these things, although the proposed method has a limitation
of the rotational speed of the propeller, the method could be
applicable to a large industrial MDP drone which is the tar-
get of this method conducting inspection on buildings or con-
ducting cooperative payload transportation.

6. Conclusion

In this study, a new wind vector estimation method for
large industrial MDP drones is proposed. The simulation
and wind tunnel experiments are conducted to verify the ef-
fectiveness of the proposed method. The results of experi-



v, /s

v, fm/s]

= = Expected Vj;
== == Expected Vj;

V, [m/s]

Expected Vyr
= = Expected V

—

e

Time [s]

(b) 30 deg

h 0 5 10 15
Time [s]

(c) 60 deg (d) 15 deg (4800rpm)

Fig.9. Result of V, estimation.

V [m/s]

0 5 10 15
Time [s]

(a) 15 deg

Time [3]

(b) 30 deg

Time [s]

(c) 60 deg

Time [s]

(d) 15 deg (4800rpm)

Fig. 10. Result of wind velocity V estimation.

25
Estimation

20

Angle [deg]
Angle [deg]

Angle [deg]

0 5 10 15 0 5 10
Time [s] Time [s]
(a) 15 deg (b) 30 deg
Fig. 11.

ments indicate the usefulness of the method for large indus-
trial MDP drones. Future work subjects include considering
the airflow from the back side of propellers and reconsidering
the model of propeller characteristics to improve the accu-
racy of wind vector estimation at the wide range of rotational
speed of the propeller.
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