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Cooperative Wind Disturbance Estimation by Multiple Drones
in the Presence of Torque Disturbances

Ryotaro Aoyama and Daisuke Tsubakino

Abstract— This paper deals with cooperative wind distur-
bance estimation by multiple quadrotor drones. The authors
have developed a cooperative wind disturbance estimation
method combining the optimal control and adaptive control.
However, only disturbances affecting translational motion have
been considered and torque disturbances influencing rotational
motion have not been taken into account. This paper addresses
a cooperative disturbance estimation problem in a more realistic
situation where torque disturbances exist as well. The two types
of disturbances are estimated and compensated simultaneously.
A disturbance estimator is designed based on the Lyapunov
stability theory. Numerical simulations show the effectiveness
of the proposed method and also indicate the necessity of si-
multaneous estimation of translational disturbances and torque
disturbances.

I. INTRODUCTION

Multirotor drones are employed in a wide range of appli-
cations such as transportation and surveillance. Furthermore,
their role is expected to expand more and more in the future.
The use of multiple drones offers redundancy. This not only
expands the range of achievable missions, but also enhances
efficiency by enabling the completion of more tasks in less
time. Moreover, it improves reliability because, if one drone
leaves, the other drones will still be functional [1], [2], [3].

Drones are also expected to play a vital role in wind
measurements particularly for acquiring wind information
in the atmospheric boundary layer (ABL). The ABL is the
lower part of the convective layer. This layer is influenced
by heat and friction from the Earth’s surface, which leads
to environmental changes. To understand these mechanisms,
wind information is necessary in meteorological research [4],
[5]. Traditional tools for acquiring wind information are me-
teorological towers, weather balloons, manned aircraft, and
so on. Compared to these tools, drones have advantages of
limited space on the ground, low-cost operation, and ease of
observation while moving. Therefore, drones can be regarded
as an effective means for measuring wind. Wind information
is also beneficial for operation of drones in severe weather
conditions. If wind disturbances are estimated, compensating
for their effects by suitable motion control improves the
reliability of flight of drones [6], [7].

Several studies have addressed estimation of wind dis-
turbances using a single drone. These studies include those
using additional sensors [8], [9] and those exploiting drone’s
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motion information only [10], [11], [12], [13]. Needless to
say, omitting extra sensors for wind measurement contributes
to increase of payload of a drone. Our research group aims at
acquiring wind information from motion of multiple drones.
The use of multiple drones enables us to obtain relative
information among drones. The authors have developed a
distributed cooperative wind disturbance estimation method
for translational motion by combining the optimal control
and adaptive control [14]. However, it does not account for
torque disturbances affecting rotational motion. If torque dis-
turbances are also cooperatively estimated and compensated
by suitable motion control, wind measurement using drones
will be carried out more accurately.

For this reason, a cooperative torque estimation method
is developed in this paper. To achieve this objective, we
employ a control law for rotational motion designed based on
the special orthogonal group SO(3) [15]. An update law for
torque disturbance estimation is formulated by means of the
Lyapunov stability theory. As a result, we can simultaneously
estimate and cancel two types of disturbances: disturbances
affecting translational motion and torque disturbances influ-
encing rotational motion. Numerical simulations support the
effectiveness of the proposed approach.

This paper is organized as follows. In Section II, we
introduce a dynamic model of drones under disturbances and
formulate the problem to be solved in this paper. Section III
reviews our previous result for disturbance estimation in
translational motion. For rotational motion, a control law and
an update law for torque disturbance estimation are designed
in Section IV. In Section V, we demonstrate the effectiveness
of the proposed approach through numerical simulations.
A comparison of results for cases with and without torque
disturbance estimation is also provided.

Notation: Let I, € R™" be the identify matrix of order
n. The n-dimensional vector of all ones is denoted by 1, =
(1,1,...,1)T € R". The symbol ® represents the Kronecker
product. The hat map (-)*: R?® — R3*3 is defined by

0 —as ay
a*=| a3 0 —af, (L
—day aq 0

for a three-dimensional vector a = (aj,a,a3)" € R3. The
vee map (-)": R¥*3 — R? is defined by

%
0 —as an ag
as 0 —a = |ar]| . 2)
—ap ay 0 as

It is clear that, for any a € R?, we have (a*)" = a.
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Fig. 1. The earth-fixed inertial frame and the body-fixed frame.

II. PROBLEM SETTING

Let n be a natural number greater than or equal to 2.
Assume that there are n quadrotor drones. We choose an
earth-fixed inertial frame and a body-fixed frame to rep-
resent the dynamics of each drone. The inertial frame is
common to all drones. The origin of each body-fixed frame
is located at the center of gravity of each drone as shown
in Fig. 1. Quantities of each drone are specified with the
subscript i and, unless otherwise stated, i takes every value in
{1,2,...,n}. The center of gravity of the ith drone expressed
in the inertial frame is denoted by p;(¢) = (&,1m;,¢)". To
represent the attitude, the special orthogonal group SO(3) =
{ReR¥3|RTR=1,detR =1} is used. The attitude of the ith
drone is represented as R;(¢) € SO(3), which is the rotation
matrix from the inertial frame to the body-fixed frame. The
angular velocity vector of the ith drone expressed in the
body-fixed frame is denoted by w;(r) € R3. The equation
of motion for the ith drone under aerodynamic disturbances
is given by

m;p; = miges — TR e3 +d, 3)
Ri = _(D,'XRia (4)
Ji@; = —o; x (J;o;) + 7 + dy, )

where e3 := (0,0,1)", g > 0 is the gravitational acceleration,
and m; >0 and J; = J;" € R3* are the mass and the moment
of inertia of the ith drone, respectively. The magnitude of the
total thrust and the torque input applied to the ith drone are
denoted by T;(¢) >0 and 7;(¢) € R3, respectively.

The translational motion is affected by an unknown
disturbance d;(t) € R?. Similarly, the rotational motion is
influenced by an unknown torque disturbance dy;(¢) € R>. It
is assumed that d; and dy; consist of steady terms w; € R3,
Wy € R? and unsteady terms w;(r) € R3, wy;(t) € R, namely,

di(t) = wi +wi(1), (6)
dii(t) = Wy +wy(t). (7)

We also assume that there exist wg > 0 and wy > 0 such that
[lwi(#)]| < wo and ||wy(2)]] < wyo for all £ > 0.

For cooperative disturbance estimation by multiple drones,
we address the formation control problem. To handle this
problem, a new variable j;(¢) is defined as

le, éi(t)_léi
pi(t) = pi(t) = |In; | = |mi(t) = I, | » (8)
lg, Gi(t) =g,

where g, Iy, ¢, € R are design parameters that determine the
shape of the formation. Differentiating (8) twice with respect
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Fig. 2. Virtual input and orthogonal normalized vectors

to ¢ yields p; = p;. Then, it follows from (3) that
mif; = miges — TR} e3 +d;. ©)

Since lg;, Iy;, l¢, are constants, the shift (8) does not change
the equation of translational motion.

The control objective for translational motion is divided
into two parts. One is to design a control law that achieves

lim |5 =0, lim [5() 55| =0.  (10)
for any i,j € {1,2,---,n}. However, since the disturbance

includes an unsteady term, it is impossible to achieve
(10) completely. Therefore, we attempt to make |p;(¢)| and
|pi(t) — p;(t)| converge to a neighborhood of 0. The other
objective is disturbance estimation. This aims at estimating
the steady term ;. The disturbance estimation error d;(t) €
R3 is defined as

di(t) = w;i —di(r) € R?, (11)

where d; is an estimate of the steady component w;. An

estimation law is designed so that
limd;(t) =0, (12)
[—ro0

for any i € {1,2,---,n}.

To design a cooperative control law that achieves the
translational control objectives, the term —(1/m;)T;R, e3 on
the right-hand side of (9) is regarded as the virtual control
input v;(¢) = (vi1 (¢),vi2(¢),vi3(t)) T € R3. Once a control law
for the virtual control input v; is obtained, the reference
thrust 79(t) € R and reference attitude RY(¢) € SO(3) are
determined so that the following relation holds:

1
——TR{ e3 = v
m
We follow the approach in [15]. It is clear from (13) that the
reference thrust is given by

d_ |2 .2 2
T = miy[vi +vi +Vvi3.

We next specify the reference rotation matrix RY. Let rd (),
rd(t), r&(t) € R? be orthonormal vectors depicted in Fig 2.
These are given as

13)

(14)

"?3 X b
[ x b’

Vi

d d d d_d
ri3 = — Tip = Tl = Tip X 13, (15)

lvill”
where the desired direction b(t) € R3, which determines the
orientation of the first and second axes of the body-fixed
frame, is not parallel to rf'3. The reference attitude is then
determined as

(16)
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To evaluate the difference between R; and R?, a non-
negative-valued error function of attitude is defined as

Wi(Ri(1),RA(1)) = %tr I—R?(t)Ri(t)T} >0. (17

Then, the control objective for attitude motion is to design
a control law that achieves

lim @, (Ri(1), R{ (1)) = 0. (18)

As in the case of translational motion, we attempt to realize
that R; converges in the neighborhood of R?. The torque
disturbance estimation error is defined as

di(t) = Wy — dy(t) € R, (19)

where dy is an estimate of the steady component wy;. The
estimation update law is designed to achieve

lim dy;(1) = 0 (20)
t—o0

for any i € {1,2,--- ,n}.
III. CONTROL OF TRANSLATIONAL MOTION

In this section, we briefly review our previous result [14].
The details are presented in [14]. The control law is designed
by means of the hierarchical optimal control [16]. The update
law, which estimates the steady term of the disturbance, is
formulated based on the Lyapunov stability theory.

A. Translational Control Law

As described in the previous section, the translational
motion is controlled by the virtual input. The state space
representation of (9) with the virtual input v; is given by

1
X =Ax;+B (v,- +ges+ m-d’)
1’ ! (21)
=Ax;+B (vi+ge3 + mdA’> +B <(d~,+w,)> .
1

m;

where x; = (p;, p;) | for each i € {1,2,---,n}. The matrices
A and B are given by

<o oy

We introduce a new variable u; as

1 .
up =v;+ges+—d. (22)
m;
All the subsystems are represented as follows:
i= (I, @A)x+ ([L,@Bu+ M '®@B)(d+w),  (23)

where the overall state x, input u, estimation error d, un-
steady disturbance w and mass M are defined by
T .7 T T T T
x=(x1,x2,...,xn) s MZ(ul,uz,...,un) 5
7 T 5T T\ T T T T
d:(dlﬂd27"'>dn> s W:(WI,W27...,Wn) 5

M = diag(my,my,...,my,).

If unknown terms of the disturbance are excluded, the state
space representation (21) becomes

%= (I, ®A)x+ (I, ® B)u. (24)

To design a control law that achieves the translational
control objectives, the performance output z is set as

l?l
P2
7= Pn =Cx, (25)
pPr—p2
_p~1 - p~n_
where the matrix C € R(©"3)%0 is defined by
I,® [O 13]
C= 26
|:[1n1 —La]®[h 0 (20)

The first n block components of z correspond to the first
control objective in (10). The last (n— 1) block components
of z are to achieve the second objective in (10). The ideal
translational control law is determined so that the following
quadratic cost function is minimized:

J= /0 (2(6) T Qa(t) + ult) Ru(r))dr. @7
The output and the input weights are given by
1, ® Qi 0
= ., R=I,®Ry, 28
Q |: 0 L1 ® Qcp] n id ( )

where Qig = Oy € R¥?, 0, = 0, € R¥3 Rig = R} e R
are positive-definite matrices. Since it is a standard linear
quadratic (LQ) optimal control problem, the optimal control

input is easily obtained as
u=—R"'(1,®B")Px, (29)

where P € RO is the positive-semidefinite solution to the
Riccati equation

P(L, @A)+ (I, @A) TP
—~P(I,® (BR'B"))P+C"QC=0. (30)

According to [14], there exist P, P, P; € R6%6 such that

P=1L, QP +Li®@P,+L;® P, €2V
where L and L. are defined by
L= {(”1" jl) I:'Tll} , Le=nl,—1,1]. (32
Then, the optimal control law (29) becomes
ur = —Ry'B"Pix; —nR'B" (P + Ps) (x) — Xave),  (33)
Ui =—Ry'B" Pix; — R;'B" Py (x; —x1)
—nRy'B Py(xi —Xave),  i€1{2,3,....n}, (34)
where x,. is the average state defined by
Xave = :liixi- (35)

The control laws (33) and (34) are the ideal translational
cooperative control law that achieves the translational control
objective (10).
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B. Cooperative disturbance estimation

We next design an update law for the disturbance estima-
tion based on Lyapunov stability theory. From (23) and (29),
the closed-loop system, including unknown disturbance, is
given by

i = (@A) = (o (BRG'BT))P) x

) (36)
+ (M @B)(d+w).

If estimation is accurate enough so that d takes small values
and the unsteady term w is small enough, then the control
(10) is achieved. Hence, a strategy to design an update law is
to update the estimate of the steady terms of the disturbance
so that the closed-loop system has a stable behavior.

Let a candidate of the Lyapunov function be

V(x)=x"Px+d' T d. (37)

where T =TT € R3¥*3" is a design parameter for disturbance
estimation law. In this paper, I' is set as

I = blk-diag (T';,T5, ...,Ty) (38)

for some positive definite matrices I'; = l"l-T eR¥>3 ic
{1,2,...,n}. From (11), (30) and (36), the time derivative
of V is given by
V(x)=x Px+x' Pi+ 2d'T'd
=—x'C'QCx—x"P(I,® (BRy'B"))Px

+2w (M ' @B )Px (39
+od" ((M’l ®BT)Px—r*‘d*) :
where d = (d| ,d} ,--- ,d) )T. The first and second terms are

negative definite. However, the remaining terms is indefinite.
The third term remains because it includes an unknown value
w, but we can eliminate the fourth term. Hence, the update
law for the disturbance estimation in translational motion is
formulated as

d=T(M'®BT)Px. (40)

Substituting (31) into the update law (40) gives

R 1 n
di = ——T1B Pix; — —TB' (Py+P;) (x1 —Xave), (41)
my m

A 1 1
di = ——FiBTPlxi — —FiBTPz(xi —xl)
m; m;

~ ATB P~ xwe)s  i€{23,...n).  (42)

1

This is the cooperative disturbance estimation law.
We investigate the convergence of x in this case. From
Young’s inequality, the fourth term in (39) becomes

2w’ (M '@B")Px

=2w (M '®@B)RIR (I, ®B)" Px

<w'(M'@L)RM ' @L)w
+x"P(I, B)R (I, B) " Px.

(43)

Using (40) and (43), the right-hand side of (39) can be
evaluated as

V(x) <—x'CTQCx+w (M '@ L)RM ' @ I;)w

zo1 44

< —x'CTQCx+ Omax (Ria)w5 Y, — )
=11

Hence, we can see from a Lyapunov-like theorem for the

ultimate-boundedness [17] that, under the control law (29)

and the update law (40), the state x converges to the set

{x e R

The size of this set can be adjusted by using the weights
Q and Ry. If Rjq is chosen to be small, the right-hand
side becomes smaller and x converges to a narrower region.
However, this reduces the weights of the control inputs and
might make it difficult for the system to achieve the desired
behavior.

]
XTCTQCX < O-max(Rid)W% Z 2} ’

i=1 1

IV. ATTITUDE CONTROL

In this section, we construct a control law and an update
law for torque disturbance estimation in rotational motion.
The control law is designed by following [15]. The update
law, which estimates the steady term of the torque distur-
bance is formulated based on Lyapunov stability theory.

A. Attitude control law

The attitude control law is designed so that the attitude
R; tracks the reference attitude R? given in (16) and that
the angular velocity @; tracks a reference angular velocity
od(t) € R?, which is obtained by the attitude kinematics
equation @ = (—RIRIT)V. The reference attitude R is con-
structed based on the virtual input v;, which is derived from
cooperatively formulated input u. Therefore, the resulting
control law becomes a cooperative one. To construct such a
control law, an attitude tracking error vector and an angular
velocity tracking error vector are introduced.

The attitude tracking error is obtained from the time
derivative of W defined in (17). The time derivative of ¥;
is given by

P, = %(a)i - w,.d)T (RIR] —RiRST)" = (0 — w;i)TeR,., (45)
where eg,(t) € R? is the attitude tracking error defined by
er(t) = 5 (RIOR() —R(ORI(D)T)". (46)

The tracking error for the angular velocity eq, € RR3 is defined
as follows:

eay(t) = oi(1) — 0f (1) + Kr,ex, (1), (47)

where Kg, € R3*3 is a positive-definite design parameter. The
third term Kg,eg, on the right-hand side of (47) is newly
introduced in this paper to guarantee the convergence of the
attitude directly.
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The control objective for attitude motion shown in (18) is
achieved if the following relation holds true:

limeg, (t) =0, limeg,(t) =0, (48)
t—o0 1—>o00

Actually, when the torque disturbance estimation is accom-
plished completely, that is, dy = dy, the following torque

input results in (48):
T, = —Jikg,er, — JiKg, e, —|—J,‘((i)id —KR,-éRl-) 49)
+ @ x (J;oy) —dy,

where kg, > 0 and a positive-definite K, = Kgi € R¥3 are
design parameters. The stability under (49) can be confirmed
by setting d; = dy; in the discussion in the next subsection.

B. Cooperative torque disturbance estimation

We design an update law for the torque disturbance
estimation based on the Lyapunov stability theory. From (5),
(7), (19), (47) and (49), the closed-loop system, including
unknown torque disturbance, is obtained as

éw,» = _kR,'eR,' —Kw,-ew,- +Jl‘71(d‘;i+wll’)' (50)
Let a Lyapunov function candidate V; be given by
Vi = eg e, + 2kg,¥i+d; Ty dy, (51)

where a positive-definite T'; € R*3 is a design parameter
for torque disturbance estimation. Form (19), (45), (47) and
(50),the time derivative of V;; is given by

Vi =2e4 60, + 2kp, Wi +2d,; T ' dyi
=— Ze—ar),-Kwiewi — ZkR,-eRiTKR,«é’R,- + Zegl_.]i_lwt,-
5T 7—1 -1
+2dy (J; e, — Ty du).
The first and second terms are negative definite. However, the
remaining terms is indefinite. The third term remains because
it contains an unknown value wy;. On the other hand, we can

eliminate the fourth term. Hence, the update law for torque
disturbance estimation in rotational motion is formulated as

dy =Tul; ' ew. (53)

(52)

We next determine the convergence of the error variables
eq, and eg, in this case. From Young’s inequality, the fourth
term in (52) becomes

1 1
T -1 T g2 271
2ep ;i wi =2e4, K Ko J; wii

! (54)
SeLKw[ewi —i—wglfll(g,illflwti.
Using (53) and (54), we can estimate (52) as
Vi < *ez,iniewi — 2kp,er, ' Kr,er;
+widi K T wy (55)

< —e-la—)iniewi — 2kR,-eR,-TKR,-3R,-
2
~+ Omin (JiKco;Ji)Wt0~

A Lyapunov-like theorem for the ultimate-boundedness [17]
shows that the error variables e, and eg, converge to the set

o

T T 2
ew[Ka,iewi +2kg,er, Kgier, < Gmin(JiKa),-Ji)Wt()}-

| 3m
C)dnp S OSSO

3

Fig. 3. The initial state of two drones and the wind vector occurring one
second later.

drone 2

The size of this set can be adjusted by tuning the design
parameters Kg,,kg;, and Kg,. If these parameters are chosen
to be large values, in steady state, the error variables ey, and
eg; converge to a narrow region. Howeyver, in transient state,
this may cause overshoot.

V. NUMERICAL SIMULATION

In this section, the validity of the update law for torque dis-
turbance estimation is verified through numerical simulation.
First, we confirm the achievement of the control objectives
(10) and (18). Next, we evaluate the disturbance estimation
performance (12) and (20). Finally, a necessity of the torque
disturbance estimation is investigated by comparing the re-
sults with and without torque disturbance estimation.

The number of drones is set as n = 2, the mass is given
by m; =my =2 [kg], and the moment of inertia is J; =J, =
diag(0.01,0.01,0.02) [kg/m?]. We assume that two drones
hover 3 meters apart in the &-direction. The disturbance
occurs after # = 1 [s]. The disturbance affecting translational
motion is assumed to occur similarly. The steady terms
of the translational disturbance are set as w; = (0,4,—1)T,
i € {1,2}, whereas the steady terms of the torque disturbance
are such that wy = (4,3,—1)" and wp = (5,4,0)". The
unsteady terms w; and wy; are generated by applying a first-
order low-pass filter with cut-off frequency 1 to white noise
with variance 1. We choose the weights in the cost function
as Q =1I;» and R = 0.05ls. The controller parameters for
rotational motion are chosen as kg, = 10,Kg, = 10013, and
Ko, = 3005 for each i € {1,2}. The design parameters in
update laws for disturbance estimates (40) and (53) are given
as I'; = diag(100,100,100), and T'; = diag(0.06,0.06,0.3)
for all i € {1,2}. The desired direction b is set as b(r) =
(1,0,0)" € R3. The target positions of the drone from
a certain point are such that [; = (—1.5,0,0)" and I, =
(1.5,0,0) ". The initial state of the drones is set as (p{ ,p| ) =
(-1.5,0,0,0,0,0),(p, ,p, ) = (1.5,0,0,0,0,0),R; = Ry =
L, o = (0,0,0)", and @, = (0,0,0)". The initial values of
disturbance estimation are set as d; = d = (0,0,0)", and
dy = dp = (0,0,0)7.

The velocities of the two drones are shown in Figs. 4 and
5. Their trajectories are shown in Fig. 6, which also shows
the final relative distance between them. The attitude errors
W, ¥, are shown in Fig. 7. These results indicate that control
objectives are achieved. Two types of disturbance estimation
when torque disturbance is considered are shown in Figs. 8—
11. As can be seen from these results, the disturbance estima-
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Fig. 6.  The trajectories of two  Fig. 7. The attitude error of two
drones. The symbol X indicates the drones.

initial positions, while o indicates
the final positions.

tion is achieved. The disturbance estimation for translational
motion without considering torque disturbance is shown in
Figs. 12 and 13. Comparing Figs. 8 and 9 with Figs. 12
and 13, it can be observed that the disturbance estimation
for translational motion are achieved more accurately by
incorporating torque disturbance estimation.

VI. CONCLUSIONS

4 4
3 3
< 2 g2
<1 <1
0 0
-1 -1

0 1 2 3 4 5 6 0 1 2 3 4 5 6

Time, t Time, t
Fig. 8. True and estimated values  Fig. 9. True and estimated values

of the disturbance for translational
motion of Drone 1 when torque
disturbance is considered.

of the disturbance for translational
motion of Drone 2 when torque
disturbance is considered.

4 5

3 4
s ¥ e
S 1 2 d

0 1

-1 0

0 1 2 3 4 5 6 0 1 2 3 4 5 6

Time, t Time, t

Fig. 10. True and estimated val-  Fig. 11. True and estimated val-

ues of the torque disturbance for
Drone 1.

ues of the torque disturbance for
Drone 2.

4 4
3 3
-5 2 5 2
<1 <
0 0
-1 -1

0 1 2 3 4 5 6 0 1 2 3 4 5 6

Time, t Time, t
Fig. 12. True and estimated val-  Fig. 13. True and estimated values

ues of disturbance for translational
motion of Drone 1 when torque
disturbance is not considered.

of the disturbance for translational
motion of Drone 2 when torque
disturbance is not considered.

In this paper, we designed a cooperative update law for
torque disturbance estimation for multiple quadrotor drones.

The

disturbance acting on translational motion and the torque

disturbance acting on rotational motion were simultaneously
estimated and compensated. The effectiveness of this method
is demonstrated through numerical simulations.
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