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ABSTRACT This study focuses on the system identification of a quadrotor under an unknown payload with
a time-optimal trajectory. A model-based control scheme should be utilized for a quadrotor, which does
not necessarily guarantee robustness to model uncertainty. Thus, accurate system identification is required
during flight. However, inertia parameter identification for the control scheme is vulnerable to sensor noise
without a trajectory that produces rich data. We utilized Kalman filter (KF), which estimates the angular
velocity, to reduce noise. In the process model of KF, the variance attributed to model uncertainty is derived,
and the derived variance plays a pivotal role in adjusting Kalman gain. Recursive least squares (RLS) was
utilized to identify the inertia parameter. However, all inertia parameters cannot always be observed with
a time-optimal trajectory. Thus, this study proposes a criterion that distinguishes between observable and
unobservable parameters and the correction law depending on the criteria. The correction law prevents RLS
from correcting the unobservable parameters. We call this method the observability-aware RLS with KF.
This study compared RLS, RLS with a low-pass filter (LPF), and observability-aware RLS with KF. While
RLS with LPF shows a sharp increase or decrease in moment of inertia (MOI), center of mass (COM) offset,
and sensor location, ours does not. RLS without any filtering has an inaccurate estimation of MOI and the
height of the sensor location. However, our approach is sufficiently accurate to be applied to model-based
control.

INDEX TERMS Inertia parameter estimation, Kalman filter, observability, recursive least square, unknown
payload.

I. INTRODUCTION

In the last decade, quadrotors have become popular owing
to their capability to hover in place and move freely in a
3-dimensional Euclidean space. Owing to this capability,
quadrotors can be applied to transportation [1], [2], terrain
mapping [3], [4], inspection [5], [6], and construction [7],
[8]. Among these applications, the transportation task by a
quadrotor is the main focus of this study.

To complete the transportation task successfully, model-
based control schemes such as disturbance observer (DOB),
model predictive control (MPC), and model reference adap-
tive control (MRAC), which secure robustness to disturbance
and stability, should be implemented. However, the model-
based controller does not necessarily guarantee the robustness
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of the dynamic model uncertainty of a quadrotor under an
unknown payload. Therefore, considering accurate model
parameters in the control scheme is highly important.

To reflect the model uncertainty of the control scheme,
MRAC using various estimation techniques [9], [10], [11],
[12], [13], [14], [16], [17], [18] has been proposed. Inertia
parameter estimation of an aerial manipulator without using
a force/torque sensor in each joint through the adaptation
law was proposed in [9] and [10]. However, prior knowledge
regarding the payload geometry was required in [9]. The
payload was treated as a point mass, and the MOI was
obtained by the parallel axis theorem in [10], making it
difficult for the control scheme to deal with a payload with
a non-uniform mass density distribution. The authors of [11]
utilized an extended Kalman filter (EKF) to fuse inertial
measurement unit (IMU) sensor and rotor speed processed
through a LPF and compensated for the variation in COM
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location on the control scheme. However, mapping from the
rotor speed to the angular acceleration is required in advance.

Unlike in [9], [10], and [11], the necessity of prior
knowledge or assumptions about the payload was eliminated
in [12], [13], [14], [15], [16], [17], and [18]. Reference [12]
assumed that the collective thrust input is linearly propor-
tional to the resultant force produced by the four rotors and
estimated the ratio of the former to the latter divided by
mass through the adaptation law. Then, the control scheme
compensated for the estimated ratio. A multiple KF through
ultrasound sonar and 9-axis IMU sensor to estimate the mass
and z-axis MOI was devised, and altitude and yaw control
were performed depending on the load in [13]. Although the
necessity of prior knowledge was removed in [12] and [13],
they did not secure the stability of the attitude control because
they excluded the estimation of the changed COM location.
In contrast, Reference [14] estimated and compensated for
the changed COM location in the attitude dynamics. The
assumption orientational dynamic response is faster than the
translational one removed the need for prior knowledge about
MOI. However, this assumption is not always valid because
the quadrotor’s acceleration tracking performance depends
on the size of the MOI [15].

Compared to [14], the coupling between the translational
dynamic response and orientational response is considered
through an adaptation law that estimates the mass and MOI
simultaneously [16]. However, the location of COM should
be consistent with the center of the geometry. Although [17]
compensated for the model uncertainty through a radial
base function neural network, the variation in COM location
was not reflected in the orientational dynamic model.
Unlike multiple studies [9], [10], [11], [12], [13], [14] and
[16], [17], the estimation of the variation of COM, MOI,
and mass through the adaptation law was presented in [18].
The shortcoming of reference [18] is that the sharp increase
or decrease in COM variation estimation occurs owing to
motor saturation, and the convergence rate of MOI parameter
estimation is too slow to be reflected in the control scheme.
Hence, research on system identification should be conducted
to develop a model-based control scheme for a quadrotor with
an unknown payload.

Considerable effort has been devoted to system identifica-
tion for a long time. Inertia parameter estimation was per-
formed using maximum likelihood estimation (MLE) [19].
They determined the dynamic parameters that minimize the
residual of the IMU sensor, camera, and dynamic model.
However, the residual related to the dynamic model makes
the computational load of estimation heavy because it com-
putes Runge—Kutta fourth order and Levenberg—Marquardt
simultaneously. Compared to MLE, the filtering approach is
sufficiently fast to process the sensor data.

Compared to MLE, least squares (LS) [20], [21] allows
for inertia parameter identification during flight. In [20], the
consideration of angular momentum conservation reduced
the effects of sensor noise. This enhances the accuracy of
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estimating the product of inertia. However, it could not
secure the stability of orientational dynamics and altitude
because it did not infer mass and the variation in COM
position. In contrast, [21] only estimated the changed COM
and compensated for that in the attitude PID controller
until the quadrotor reached the hovering state. Even though
the convergence rate is sufficiently fast for attitude control
to compensate for the parameter, the estimation of COM
variation is determined depending on the initial value setup
for MOI. Thus, it is difficult to guarantee the stability of
attitude control at all times.

Unlike the LS method, filtering approaches such as
EKF, unscented Kalman filter (UKF) [22], [23], [24],
[25], [26], [27], [28], square root unscented Kalman filter
(SRUKF) [29], and complementary filter (CF) [30] have
been conducted. While multiple studies [22], [23], [24],
[25], [29], [30] did not address the estimation of the
changed COM, which is a significant element in model-
based control [21], all inertia parameters such as the
changed COM, MOI, and mass by fusing rotor speed sensors
were inferred in [26], [27], and [28]. Thrust force and
drag moment coefficients were identified in [27] and [28].
However, incorrect identification of these two parameters
may lead to an inaccurate estimation of the inertia parameter.
In contrast, [26] considered the inertia parameter estimation,
including mass, varied COM, and MOI, given the coeffi-
cients. By tracking the Lissajous trajectory, the identification
was performed; however, the convergence rate was slow, and
there was bias about the estimated inertia parameter due to
the noise effect of the sensor.

An excitation trajectory should be applied to the quadrotor
to amplify the signal-to-noise ratio (SNR) and gain rich data.
Research on trajectory generation was inspired by the system
identification of manipulators [31], [32], [33], [34], [35].
A trajectory composed of a Fourier series, whose coefficients
minimize the fisher information matrix (FIM), was utilized
in [36] and [37]. The disadvantage of [36] and [37] is that
the complexity of LS increases with the size of the matrix.
Hence, it is inadequate to apply the estimation method to
model-based control directly. In contrast, [38] treated the
condition number of FIM as the residual of model predictive
control (MPC) and produced rich data. However, the method
applies to satellites and cannot be applied to quadrotors
constrained by gravity. The maximization of the empirically
expanded local observability Gramian (E2LOG) [39] based
on the index of unobservability [40] made the data richer.
The trajectory obtained by minimizing the condition number
or maximizing E2LOG tends to have a high amplitude and
unnecessary motion. In other words, the trajectory increases
energy inefficiency compared to the time-optimal trajectory.

It is necessary to estimate the accurate inertia parameter
by reducing the effect of sensor noise, even while tracking
the time-optimal trajectory. This study devises KF to reduce
the sensitivity to noise, which estimates the angular rate
by adjusting the proportion of confidence in the process
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model to the one in the measurement model. Specifically, the
variation of the estimated angular velocity is reduced when
more confidence is placed in the process model than in the
measurement model. In [26], [27], and [28], which considers
the inertia parameter as a state variable, the variance of the
angular velocity attributed to model uncertainty in the process
model was not dealt with. This causes the user to set the
initial parameter value close to the ground truth. Otherwise,
the estimation of the inertial parameter can be biased. This
study derives the variance caused by the model uncertainty
and reflects the variance in KF. We used RLS to identify the
inertia parameter. However, the time-optimal trajectory does
not always enable the RLS to observe all inertia parameters.
Thus, this paper presents the criteria that distinguish between
the observable and the unobservable inertia parameter and
proposes a correction law that constructs an observation
matrix for RLS to correct only the observable one. The
correction law makes RLS aware of the observability. The

main contributions of this study are as follows:
o For robust and precise control, an inertia parameter

estimator including mass, MOI, COM, and sensor
location under the triple integral method, which belongs

to the time optimal trajectory fenerator, is designed.
o In KF, the variance caused by model uncertainty

is considered in the process model, unlike multiple
works [26], [27], [28]. The variance plays a key role in

the adjustment of Kalman gain. o
o The correction law is proposed to prevent the inertia

parameter estimator, RLS, from correcting unobservable

parameters.
o Unlike multiple works [26], [27], [28], [29], [30],

[36], [37], [38], [39], our approach enables the estimator
to be triggered at the start of a flight. The inertia
parameter convergence rate can deteriorate when the

estimator begins to estimate from the ground station.
The remainder of this paper is organized as follows. The

dynamic model of a quadrotor under an unknown payload
and the relationship between the observation matrix and the
dynamics are described in Section II. Section III presents the
design of KF and the observability-aware RLS. Section IV
presents the simulation environment, in which the noise level,
estimator setup, and flight data are described. Section V
discusses the simulation results and analyses. Finally, the
conclusions and future work are presented in Section VI.

II. INERTIA PARAMETER IDENTIFICATION

This section introduces a quadrotor dynamic model under
payload by the Newton-Eulerian equation, which is divided
into translational and orientational dynamic models. Then,
it addresses the relationship between attitude dynamics
and observation matrix H and translational dynamics and
observation matrix H».

A. QUADROTOR DYNAMIC MODEL

Before delving into the observability-aware inertia parameter
estimation method, we will present the quadrotor dynamic
model. The four motor speeds determined the collective thrust
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FIGURE 1. The quadrotor rotor configuration and the frame infromation.
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and moment. The off-diagonal terms of the inertia tensor were
assumed to be zero.

The index of the rotor is shown in Fig. 1. As shown in
Figure 1, rotors R1 and R3 rotate clockwise, whereas R2 and
R3 rotate counterclockwise. €Crcops indicates the location of
COM expressed in the frame center of geometry (CG) which
is the centroid of the four rotors’ axis in the horizontal plane.
It is impossible to obtain the relative height between the CG
frame and the COM frame because the height of the CG is
arbitrarily chosen.

The thrust generated by each rotor in the CG frame was
proportional to the square of the rotor speed. The x and
y components of the moment generated by each rotor i in
the CG frame or COM frame are proportional to the arm
length and force produced by each rotor. The rotor thrust and
moments along the x-, y-, and z-axes of each rotor can be
written as follows:

Fri = Crog, (1)
V2 IN2

M, ri = TCTFRi = TCTCU%QZ" 2
V2 IN2

My gi = TCTFRi = TCTwI%i, 3)

M. gi = Cywy,. )

In (1)—(4), Cr, Cp, and [ represent the lift coefficient,
moment coefficient, and arm length, respectively, of the
quadrotor. The arm length is the displacement from the CG
frame to the center of each rotor in the horizontal plane. wg;
denotes the i-th rotor speed, In the CG frame, the forward
dynamic model can be expressed as follows:

i 1 1 1 1 ] _FR]_
[qz Sl S s o N R2C BN
I ol

& - -] [Fa
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FIGURE 2. The sensor, COM, CG, and World frame of quadrotor system
information.

In (5), T and M are the total thrust and the moment
expressed in CG frame, respectively.

Figure 2 shows the world, IMU, and COM frames. The
superscript denotes the reference frame, and the subscript
denotes the frame to be expressed. Superscript W denotes the
world. For example, WrIMU denotes the IMU frame location
in the world frame.

Using the Newton—Euler equation, the quadrotor dynamic
and kinematic models can be modeled as

0
mVvcom =Ad(" qc6) M — mg, ©)

Wicom = "vcom, @)

0
Jo+oxJo=M+“Mrcoy_cox, M . ®)

. 1
Yqce = EWCICG * @. ©)

Equations (6) and (8) show the translational and attitude
dynamics. Equations (7) and (9) represent translational and
rotational kinematics, respectively. m, J and COM o1 — G
denote the mass and MOI of the quadrotor and the location
of the CG expressed in the COM frame, which is called
the COM offset, and are of interest in this study. Vgqqq
is the quaternion and contains the meaning of rotation. Ad
is the adjoint operator. Ad (WqCG) is the rotation matrix that
transforms the body frame into the world frame. Operator
% is the multiplication of the quaternion. g denotes the
gravity vector expressed in the global frame. Vv oy is the
acceleration of COM in the world frame. Collective thrust T
is expressed in the CG frame. The attitude dynamics has a
fictitious moment, @ x Jw owing to the change of the CG
frame and the moment generated by the collective thrust and
COM offset, COMrCOM_)CG X [0 0 T]T.

B. ATTITUDE DYNAMICS AND H
By rearranging Equation (8), we can rearrange the attitude
dynamics as follows:

M,
M, | =H0; (10)
M;
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where

p —qr qgr 0 T
Hy=.|pr g —pr-T0
-pq pqg F 0 0

and 0 =. [Jxx Jyy 2z Xof ygﬂ]T .

In Equation (10), #; denotes the MOI and COM informa-
tion for the inference. Specifically, x,4 and y,; are the x
and y coordinates of COM pcomt—cG- Jxxs Jyy, and J; denote
the x-, y-, and z-axes inertia, respectively. p, g, 7, p, ¢, and
r denote the angular acceleration along the x-, y-, and z-axes
and angular velocity along the x-, y-, and z-axes, respectively.
In Equation (10), H is the observation matrix for MOI and
COM.

C. TRANSLATIONAL DYNAMICS AND H,
The IMU sensor model can be described as follows:

amv = Ry Vimu + 9). (11)

The representation of COM based on Figure 1 can be
written as follows:

w w W IMU
rcom = "rmqu + " Rcc" " rcom - (12)

By differentiating Equation (12), the velocity relation can
be written as

w w U

d
. . Wp M
Fcom = " Fiqu + E( Rcc™ “rcom)

= Yimu + " Re™ rcom
+YRe™Yicoum. (13)
In Equation 13, because the IMU sensor location is fixed
for the COM frame, the last term ™Uicop vanishes. The

derivative of the rotation matrix W Rcg™U can be derived as
follows:
. d
WReoMU = ’ ["xee Vyee Vace]
=" occlx"Reg. - (14)
0 —w; w
where [@]x =| w; 0 —wy| €s0(3).

—wy oy 0

Equation (14) shows the derivative of the rotation matrix.
The bracket operator [-], maps a vector @ € R> in the
Euclidean space to skew the symmetric matrix [@]x € s0(3).
The angular velocity in the bracket operator is expressed in
the world frame. Because the angular velocity W @ is in the
Euclidean space, the angular velocity can be transformed
through the rotation matrix WRcc and the bracket has the
following property according to [41].

[R"w]x = R" [0]«R (15)

By substituting Equation (14) into (15), the time derivative
of the rotation matrix can be reduced to:

YRe =" ReclCwlx. (16)
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Using equation (16), Equation (13) can be simplified as
follows:
Yicom ="imuv + " RealC@l™ rcon. (17

Similarly, the linear acceleration relation can be obtained
by differentiating Equation (17).

Yicom = Vimu + "V Real“Colz™Vrcom
+ "RealCaly™Vrcom. (18)
In Equation (18), ““a denotes angular acceleration. Using

the IMU sensor model (11) and the two-frame acceleration
relation (18), the equation for IMU acceleration-related
observation matrix can be expressed as follows:

0
mamy — (ol +[“Cal)m My = [0 . (19)
T
Equation (19) can be rearranged as follows:
0
0| =Hj0, (20)
T
hy(1) —pr — g
where Hy = | ho(2) —pr +p

hy(3) p* + ¢

ha(1) = ay + M xp0 (@ + 1) + COMy i (—pg + 7),
h2(2) = ay — My (pg + 1) + My p? + 1),

hy(3) = a; + “OMxpy (—pr + §) — My (gr + p),

0 m
2 = b
m com MU

COM vy = — (Xqﬁ:set + IMUxCOM) )

and  “Myp = — (yogser +™Yyconm) -
The observation matrix H, for estimating the mass and

sensor location is shown in Equation (20).

Ill. DESIGN OBSERVABILITY-AWARE RLS WITH KF
The overall pipeline for the algorithm of the observability-
aware RLS with KF comprises KF, data processing, and
RLS in Figure 3. The main role of KF is to reduce the
noise of the angular rate by adjusting the confidence ratio
in the process model to that in the measurement model. The
arguments for KF are the control input (collective thrust T
and moment M), the previous angular velocity parameters
(values and covariance), and the estimated MOI parameter.
Here, the control input is obtained from Equation (5) and the
relationship between the rotor speed and tuple of collective
thrust and moment generated by the four rotors. KF returns
angular velocity parameters for data processing.

When the non-zero z component of gravity-rejected
acceleration processed by a low-pass filter is detected for
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the first time, the data processing and RLS algorithms are
activated. In Figure 3, a; crireric denotes the acceleration of
the altitude motion criteria. The role of the detection is to
prevent RLS from correcting the inertia parameters when the
quadrotor is at the ground. The data processing algorithm
stores the angular rate at the previous time step, obtains
the angular velocity at the current time step, and returns
the processed observation matrix. The observation matrix
is based on (10). The algorithm inserted the data into the
corresponding column by distinguishing the angular rate
from the corresponding standard deviation. This prevents the
RLS from correcting the unobservable inertia parameters.

RLS method plays a key role in estimating MOI and
COM. The arguments of RLS are the observation matrix,
previous MOI, and COM parameters (values and covariance);
it then returns the corrected MOI and COM parameters.
We describe the function of each component (KF, data-
processing algorithm, and RLS).

A. KALMAN FILTER
KF comprises a process model and a measurement model.
The process model computes the temporary belief of the
angular velocity using a dynamic model and control input.
The measurement model corrects the temporary belief by
utilizing the data measured via the IMU sensor. In the
process model, the variance of the inverse normal distribution
should be derived ap}l)roximately because the variance of
the inverse MOI J ; is different from that of MOI J i
Although the inverse distribution no longer belongs to
Gaussian distribution, it can approximately be regarded as
Gaussian distribution near the ground truth. The temporary
belief of the angular velocity w;1; can be obtained through
a dynamic model, but the dynamic model involves noise and
dynamic parameter uncertainty. The noise caused by the rotor
thrust is negligible if there is no wind disturbance. Thus,
the parameter uncertainty is mostly related to the variance
of the temporary belief X3, ,. Because COM offset values
are always observable, their convergence rate is sufficiently
fast to neglect their uncertainty. In contrast, MOI parameter
does not guarantee observability at all times, which means
that it is impossible to obtain the MOI parameter when there
is insufficient oscillation during flight. In this regard, the
uncertainty of MOI should be considered in the temporary
variance of the process model. First, the true angular velocity
based on the orientational dynamics can be written as

@ir1 = @ —J " wi —J x Jo)dt @D
where wu;=M;—Foyy xT;. andT;=[00 Ti]T.

In (21), w;, w;11, and J denote the true angular velocity at
the i-th and (i+1)-th time steps, the true MOL. u; represents the
equivalent moment at the time step i. The control input data T;
and M ; are acquired by the motor speed wg; forj =1, 2, 3, 4.
Assuming that the noise effects of the control inputs (moment
M, and collective thrust 7;) are negligible, the temporary
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IMU Ameas .| Low pass
sensor Filter
wmeas l aZ, LPF
if |ay ppr — 9-81| = a; crieteriq and Enable == false
Enable=true
Control input
Ti, M; (5)
\ 4 a)i+1 l @MH
Control input Kalman Lo Data H, (10) 0141
. . —> . » RLS
T;,M; (5) Filter Processing
r' 3 -~

FIGURE 3. The pipeline of Observability-aware KF.

belief is

_ el s,
Wi =&;+J; W—J;xJe)dt. (22)

The error in angular velocity between the temporary belief
and ground truth can be obtained by subtracting (21) from
(22).

Biv1 =@ +[J 7! _ji_l)ui
J\U xJeop —J: i x Faopldt - 23)

where (:),' = (:),' — W, CbH_] = (:)_;,_1,' — Wj41.

In (23), the effect of the fictitious moment J x Jw; can
be neglected, because the moment M; is greater than the
fictitious moment. Thus, Equation (23) can be approximated

as

i1 ~ @i+ U = J Dugdr. 24)

By the definition of covariance, the covariance of the
temporary belief can be derived as

E[@i41®] 1] = E[@;®] 1 + Zaaa
(25)

A —1
where  Tyuq. = d*E[J Y, —J; Yuull.
In (25), the last term X,4; contains an inverse normal

-1
distribution, because it has E[(J - | ; )?]. The variance
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of the inverse normal distribution for each component can be
written as

1 1 7? 2
E|l— — — - -
[J(k) J(k):| S n Z [J(k) Ji (k)}

1 Jitk) —J(k)
=nhngo;§ [— }

Jik)J (k)
A 2
L IR~ Tk
=—FE|T=% 26
J(k)* [ J (k) } 2o

where k =1, 2, 3,

J)=Jo, JQ@ =Jy, and JB)=J..

In (26), index k denotes the component of the MOI
parameter. When the estimated MOI parameter is slightly
biased, the variance can be approximately expressed as

[L—LT 1 [J(k) J(k)]2 27)
Jk)  Jk) J(ky* '

The variance in (26) can be represented as an inequality as
follows:

E[l _ 1T< ! E[j(k)—J(k)]2 (28)
J&)  Jiyl T Tmin(k)? '

In (28), Jmin(k) for k = 1, 2, and 3 is the lower bound of
MOI values arbitrarily set by the user. The last term in (25)
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can be replaced by (27) and (28).

2 2 A
AR5 30, ), T < T inh)

Xadd(k, k) = (29)

druk)® 5 5 .
j(“TZ,(k, k), J(k) > Jmin(k).

In (29), when the estimated MOI value is less than the
minimum value that cannot occur, the variance is set to the
maximum variance. The upper bound of inequality (28) was
chosen to reflect this. Otherwise, the variance was computed
using the estimated MOI value. As the estimated parameter
has a small bias, the variance of MOI X j(k, k) decreases.
In addition, when the equivalent moment u(k) is close to
zero, the additive variance becomes nearly zero because
the uncertainty of the temporary belief also originates from
motion.

Algorithm 1 presents the process model of KF. The
equivalent moment u; is determined by the moment, COM
offset, and the thrust. The temporary belief is calculated using
(22). Using condition (29), the additive variance containing
the model uncertainty of MOI is computed. The temporary
variance is the summation of the previous variance and
additive variance.

Algorithm 2 shows the measurement model of KF. The
IMU sensor corrected the temporary belief in the angular
rate. The correction depends on Kalman gain K44, Here,
to avoid excessive error in temporary belief, the residual for
each component r(k) and constraint ¢ are compared, and the
weight of the measurement R,,..s(k, k) is adjusted. When
there is too much discrepancy between the temporary belief
and IMU sensor data, the measurement weight becomes large.

The main role of KF is to reduce the effect of noise on
angular velocity by adjusting the confidence in the process
and measurement models. Because the control input has
less noise than IMU sensor noise, it is possible to reduce
the noise in the angular velocity through KF when it puts
more confidence in the process model. The reduction of
noise improves RLS parameter estimation performance. The
entire procedure for KF belongs to the adaptive KF in that
the measurement weight is adaptively adjusted to guarantee
robustness.

B. DATA PROCESSING ALGORITHM

Data processing is required before RLS estimates the
dynamic parameters because the time-optimal trajectory does
not always guarantee observability. This algorithm makes
RLS aware of observability. Observability determines the
condition under which RLS can either estimate or not.
By processing the data, RLS prevents the update gain from
correcting the dynamic parameters.

Algorithm 3 shows the computation of the column vectors
when it receives the index k, angular velocity, and angular
acceleration. The function in Algorithm 3 returns the column
vector based on (10). Function ¢, only returns the vector from
the first column to the third of the observation matrix H ;.
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Algorithm 1 Process Model of Kalman Filter

Arguments: ®;, X, Ji. Poff s Zi;’ T;, M;
T.=[00T7]"
u,-:M,-—f'oﬁc X T,‘
_ Nl P
Wit =@ +J; (w;—Ji x Jiw)dt
for k = 1:3do
lle(k) = Jmin then

Tadatk, k) = (25,06, )/, ) witk)2de?
else .
Tada(k, k) = (Z3,k, )F i) ) itk
end if
end for

X541 = Xo; + Xadd

Return w; 1, X5,

Algorithm 2 Measurement Model of Kalman Filter
Arguments: ®;11, Xg;c, , @IMU i+1
initial weight: R = w2, [3x3  constraint: ¢
fork =1:3do
r(k) = lomu i+1(k) — @it 1(k)|
if 7(k) < c then
Ryeas(k, k) = R(k, k)
else
Runeas(k, k) = R(k, k)&
end if
end for
K kaiman = ;e (ZaiCI + Rl;elas’ )
®ir1 = @it + Kraiman (@1m0,i+1 — ®ig1)
Z@,-Jrl = (I3x3 — Kiaiman) 25,-“
Return @y, X

-1

iy

Algorithm 3 Column Vector Computation ¢ for H

Arguments: k, ®, o
p=a(),g=a2),7=a(3)
p=0w(l),qg=w?),r=w(3)
if K = 1 then
) T
= [p pr —pq]
else if k = 2 then ;
¢ = [—qr 4 pq]
else if £ = 3 then .
¢, = [qr —pr 7]
end if
Return ¢,

The standard deviation of the KF can determine the
observability. In Algorithm 4, a column vector is inserted
when the angular velocity of the k-th component is greater
than the corresponding standard deviation. Otherwise, a zero
vector is inserted into the column vector.

In Figure 4, the angular rates along the x- and y-axes are
greater than the corresponding standard deviations. In other
words, sufficient oscillation for RLS to infer MOI parameters
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k%\io D] > a5,
bi
h,(1)
{%\

I[f’i piri —piqil”

03><1
1G;| > ag,

|[—qm 4 piqil”
hy(2)

03><1

I[CIiTi —piry 7]” Ii

A%gi\ ;] < o7,

03><1

hy(4)=[0 -T; 0

hy(5)=[0 0 T"

H; =[hy(1) hy(2) hy(3) hy(4) hy(5)]

Correction Law

( On (Motion Detected)

Off (No motion)

FIGURE 4. Data processing algorithm through the use of the correction law.

Algorithm 4 Data Processing Algorithm for H

Arguments: T}, @;, ®@iy1, X4,
a= ((:’H-l - (:),') /dt
fork =1:3do
if |@i(k)| > /X4, (k, k) then
hi(k) = ¢, (k, @i(k), &).
else
hi(k) = 03x1 and
end if
end for
hi(4) = [0 —T; QJT
1i(5) = [7; 0 0]
Hl = [hl h2 h3 h4 h5]
Return H

along the x and y axes occurs; therefore, angular acceleration
data through differentiation of angular velocity should be
inserted into the observation column vector &;(1) and k;(2).
This forces RLS to correct MOI parameters Jor and jyy.
However, the angular velocity along the z-axis is less than the
corresponding standard deviation. Therefore, the observation
column vector h(3) was set as a zero vector 03;. This
determines when RLS has to correct the dynamic parameters
(COM offset and MOI). This is why it is referred to as the
correction law.

C. RECURSIVE LEAST SQUARE

The main purpose of RLS is to estimate the COM offset and
MOI. Algorithm 5 presents the RLS algorithm in detail. The
control input is moment M; at the current step. M; — H 1(31-
denotes innovation error. In Algorithm 5, the update gain
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matrix Kpgae € R3*3 is determined by the observation
matrix H processed in advance using a data-processing
algorithm and the previous covariance matrix. This gain
matrix determines the extent to which the correction should
be achieved for the parameter.

Algorithm 5 RLS Algorithm for COM Offset and MOI

Arguments: H{, M;, éi, ):é_

. R
where 0; = [Jxx,i Jyy,i JZZ,i Xoff i yoﬂ,i]
RLS weight: Rgrs = wh; (Isxs
-1
Kupdate = Z@IH? (fllzéiH¥w + RI;I}S’ )
éi+1 = éi + Kupdate» (Mz - Hléi)
éi+1 = (I5><59 _KupdateHl-) Z@i
Return 9i+ 1, X

0iy1

Data processing through the correction law contributes to
RLS. The inertia parameter can be corrected by using an
update gain matrix. The updated inertia parameter can be
represented as follows:

8 =0i1 + KupaaweM; — H18;-1) (30)
- Aa A, N T
where 0;, = [])cx,i ]yy,i Jozi Xoff ,i yoﬁ,i] .
The update gain matrix can be expressed as follows:
Kupdare = [Z1i()'P ... Zshy($)'P]  (31)

where E(}. = [21 22 23 24 25]

and P =(H\Z;H] +Rp/s)".

In (31), two columns, k1(4) and k| (5) are not zero vectors
during flight. However, k(1), k{(2), and h{(3) columns can
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be zero vectors depending on the correction law. For instance,
in Figure 4, only column A (3) is set to a zero vector, so there
is no correction for the z-axis MOI. Therefore, any MOI
parameter other than the z-axis was corrected.

Algorithm 6 Observation Matrix for Mass and Sensor
Location Estimation

Arguments: @y @, D1 Tg,s Xoffset» Yoffset

X =— (xoﬁvet + UXCOM)

y = — (Vofpser + MUy com)

® = t;t (wl"‘l

[w 1y € R3x3

s'z = [@]x € R3*3

if [:3)] < \/T5,3,3) or [@(2)] < \/T5,(2, 2) then
hy(:, 1) = 034

end if

if |0:(1)] < /o,(1, 1) or [:(3)] < \/To,(3,3) then
hy(:,2) = 03x1

end if

if [0,2)] < \/T5,2,2) or [@(1)] < \/Tg,(1, 1) then
h(:,3) = 03x1

end if

Hy = [amy + xhaC, 1) + yha(:, 2) o, 3)]
Return H»

Algorithm 7 RLS2 for Mass and Sensor Location Estimation
,H, T;

Arguments: 0 ;. @

T
com mZIMU l]
and Rgrso = whygo. I3x3

=[oor]"
—1
Kris2 = 5 H} (Hp: HT +RRLSZ)

where 02 = [m,

02,41 = 02,i + KRrs2 (Ti - H202,i)
T
bri = (Inx2 — KrrsoHY) 292_,-

Return 6, ;1, )392#1

D. MASS AND SENSOR LOCATION ESTIMATION
Algorithms 6 and 7 show how the mass and IMU sensor
location estimators operate. In Algorithm 6, x and y represent
IMU sensor locations in the COM frame. Algorithm 6 inserts
the data by checking the angular velocity motion. When
the angular velocity along the z-axis or y-axis exhibits no
motion, the column of the temporary observation matrix
is filled with zero vectors 03yj. Otherwise, the column
vector is not replaced by a zero vector. Finally, according
to (20), observation matrix H, € Rj3y, is inserted. Then,
Algorithm 7 obtains the processed observation matrix H»,
collective thrust 7;, estimated values 6> ;, and variances Z A
at the previous step for mass and sensor location, where
05 = [ COM mz[MU] . By computing the gain matrix
Kgisy, the estimated values 92,,4] and variances Eéz,,-+1‘
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The x- and y-coordinates of the sensor location can be
computed using COM offset in (20).

E. RLS AND RLS2 WITH LOW PASS FILTER

The algorithm is the same as Algorithms 5 and 7, except for
the fact that the observation matrices H and H,, collective
thrust 7; and moment M; are processed through a LPF. The
domains of (10) and (20) can be converted into the Laplace
domain as follows:

M(s) = H1(s)01(s), (32)
0
0 | =H2(s)82(s). (33)
T(s)

In (32) and (33), the transfer function of the low-pass filter
can be multiplied by both sides, and the transfer function of
(32) and (33) can be represented as

Hpp(s)M(s) = Hppr(s)H 1(5)O1, (34)
0
Hpp(s)| O | =Hrpr(s)H2(5)O>. (35)
T(s)
where Hypr = W[ 3x3 and T denotes the time constant.

By taking the inverse z-transform to the left-hand side of
(34) and (35), the moment M and collective thrust 7; can be
expressed as

T
Miprli+1] = (1 - —) M prli] + —M (36)

T
Tiprli+ 1] = (1 - —) Trprlil + T[l] (37

where Ty is the sampling time and agrs = T,/7 is chosen
for convenience. Because each component for the observation
matrices cannot be superposed immediately, the whole matrix
H{ and H» according to [37] and [42] should be processed
through a low-pass filter such as

H  prli+ 1] = (1 —arpr) Hy rprli]

+ arprH [i], (38)
Hj prli+ 11 = (1 —arpp) Hy 1prli]
+ arprH>li]. (39)

F. PD CONTROLLER IMPLEMENTATION

As identification requires data acquisition, it is necessary to
implement a controller and trajectory generation. We adopted
a cascaded PD control algorithm. The position control law is
expressed as follows:

fp = m(¥ges + Kp,p(rdes - Wrdes)
+Kp.aFaes — "Fcom)) (40)

where f, = [fx 5 fZ]T is the force vector in the world
frame. K, , € R3*3 and K pd € R3*3 are the proportional
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and derivative gains for the position control law, respectively,
and these matrices are diagonal positive definite matrices.
Wraes denotes the desired position expressed in the world
frame.

The attitude control law is as follows:

¢des - (]55 p
M{) :K(),p edes—es _K{),d q
Ydes — Vs r
0
+rof X 0 , 1)
f'f
@des = arcsin 1510 Ve — Jy €05 Vs , (42)
i
edes = arcsin f;c cos Wdes +f;’ s Wdes ’ (43)
i
¢s = arcsin(2(qyq; + qwqx)), 44)
2 — y 1 —=2 2 4 2)
05 = atanZ( (4x: qwq})’ qx T+ 4y @5
COS P COS ¢
2 — 1 =262 + g2
Yy = — atan2 (9xqz — qwqz) 7 (g5 +q7) . (46)
COS ¢ COS @

K,, € R3*3 and K od € R3*3 denote the proportional
gain and derivative gain matrices, respectively, for the
orientation control law. Likewise, the two gain matrices
comprise diagonal positive-definite matrices. p, g, and r are
the elements of the angular velocity along the x, y, and z-axes,
respectively. Pges, Oes, and Yges are desired Euler angles (roll,
pitch, and yaw), and the Euler angle about z—x’—y” is chosen.
The desired 4.5 was created through trajectory generation.
@5, b5, ¥y are the Euler angles of the quadrotor state (roll,
pitch, and yaw, respectively). gx, gy, gz, and g, are elements
of the quaternion that can be acquired by IMU or a camera
sensor. Finally, the rotor thrust should be clamped because
there is a constraint on rotor speed. The inverse dynamic
relationship between the rotor and the tuple of the collective
thrust and moment is

| V2 V2 O T
Fri I I Cu
1 2 V2 _Ca |y
Fro| _ 1 7 I ~Cu x @7
Fry M
V2 N2 _C
V=7 7 o [
where T = f;fp,
My, = M,(1), My = M,(2),, and M, = M,(3).
The clamping law is
Fgi = min (max (FRi’ FR,min) ) FR,max) . (43)
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In (48), Frmin and FR e represent the minimum and
maximum rotor thrust, respectively.

G. TRAJECTORY GENERATION

This study adopts the triple integral method for position
trajectory generation and the double integral method for yaw
trajectory. The triple integral method considers the control
input as a jerk. Specifically, to reach the target position,
it should be integrated thrice. In contrast, the control input of
the double integral is acceleration. To achieve the yaw target,
the control input must be integrated twice. The two methods
are divided into bang-bang control and bang-off-bang control
depending on constraints, target position, and yaw target.
This study adopts only the bang-off-bang control to create
a trajectory for position and yaw trajectory generation.
Because this study mainly focuses on inertia parameter
identification, we do not provide a detailed description of
trajectory generation.

IV. SIMULATION ENVIRONMENT SETUP

A. SENSOR DATA GENERATION

The software we used was MATLAB 2021 a, and the
simulator was based on the customized Runge—Kutta fourth
order. The IMU sensor model was implemented using the
imusensor function. To reflect on a real IMU sensor,
we analyzed IMU sensor noise first. The IMU sensor data
were acquired using Pixhawk 4. Noise density should be
reflected to generate fake IMU data. The definition of
gyroscope noise density is

Ow

NDgyro = _/S—R (49)

. 2
where o, = \/zlv SV (0mulil — ogalil, ).

In (49), SR, 0, and N denote the sampling rate, root-mean-
square error of the angular velocity for each component, and
the number of samples, respectively. ND denotes the noise
density abbreviation. wg,s is the ground truth of angular
velocity. In the static state, the ground truth of the angular
velocity was zero. The noise density of the linear acceleration
can be defined as

Oa

NDgee = (50)

2

where o, = \/% vazl (amulil — agnd[i])2-

In (50), 0, denotes the root-mean-square error of the linear
acceleration. The ground truths of the acceleration element
for the static environment were set as a, = 0 m/s, a, = 0
m/s®, and a, = 9.81 m/s*. Similarly, the root-mean-square
error was tested under static conditions. The sampling rate
was set to 100 Hz.

Table 1 shows the angular velocity’s RMSE and noise
density for IMU and the simulated noise density and
resolution setting for the angular velocity, which are given.
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TABLE 1. RMSE and noise density of gyro data for IMU and simulation setup for gyro data.

p q r
RMSErmu (°/s) 0.0397 0.0359 0.0314
NDov (72 0.00397 0.00359 0.00314
resolution (°/s) 0.001

TABLE 2. RMSE and noise density of linear acceleration for IMU and simulation setup for linear acceleration.

Ay ay a:
RMSE (m/sz) 0.0116 0.0101 0.0098
m
ND (W) 0.00116 0.00101 0.00098
NDsim (3 mT) 0.004
resolution (m/s*) 0.001
TABLE 3. Quadrotor model MOI and COM offset information. TABLE 5. Control gain and trajectory generator setup.
Jex Jy Jzz T y
g-m? | .%2) (g-m?) (72%) (nifyrfl) Position control gain Kpp=diag([3 3 1))
MOI and 50 50 60 8 -21 .
CoM Kpa=diag([2 2 4])
offset
Attitude control gain Kop=diag ([3 3 3])
TABLE 4. Mass and sensor location information.
K, 4 =diag ([0.5 0.5 0.5])
m (g) COMg | COMyrmu | “OMzimu
(mm) (mm) (mm)
.. . . . . 3
mass and 500 18 21 11 Position trajectory constraint  jmaz = 0.5 m/s
sensor
location Gmaz = 0.2m/s

We assume that the noise of each rotor thrust obtained
through RPM data follows a zero-mean Gaussian normal
distribution:

WEg ~ N0, 62(N?)) (51)

where i=1,2,3,4.

In (51), o2 and i represent the variance of the thrust
noise and index of the rotor, respectively. The noise level
is approximately +0.5 g with 150 g rotor thrust when
testing thrust with constant pulse width modulation (PWM).
By empirically adjusting the noise around that level, the
standard deviation o of each thrust noise was nearly
0.0022 N; therefore, the noise of each thrust in the simulator
was set to 0.0022 N.

B. SIMULATION MODEL

The simulation model comprises a dynamic and kine-
matic model in (6)—(9), computed through the customized
Runge—Kutta fourth order. The noise vector of the rotor thrust
was added to each rotor thrust after the inverse dynamic
in (39) was taken for the tuple of the collective thrust and
moment. In the simulation, the ratio of Cy to Cy; was 0.7.
Table 3 lists the MOI and COM offset values. The mass and
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Umaz = 0.2m/s

Yaw trajectory constraint Ymaz = 15° /s?

'[p'maz = 200/3

sensor locations in the COM frame are presented in Table 4.
The COM of quadrotor itself is assumed to be at the CG.
The quadrotor itself and the package is assumed to weigh
200 and 300 grams, respectively, and the package fixed to the
quadrotor is assumed to cause the CG of the vehicle including
the package to move to 8 and -21 millimeters along x and y
axis relative to COM frame.

C. CONTROLLER AND TRAJECTORY GENERATOR SETTING
Table 5 shows the PD gain matrices for the position control
and attitude control, as well as the constraints for the position
trajectory generator and yaw trajectory generator. First,
the position trajectory for hovering was applied. The first
target height was 1 m without any horizontal motion. Next,
the second position trajectory should be applied to excite
sufficiently for the estimator to infer the dynamic parameters.
The second target position was applied 1 m to the x and y axes

24309



IEEE Access

G. Kwon et al.: Real-Time Observability-Aware Inertia Parameter Estimation for Quadrotors

TABLE 6. Estimator initial values and variance setup.

Minimum MOI of KF
Initial value of angular velocity
Variance of KF

Constraint of KF

<
3
Il
ey
—

mi
@o = 03x1
B, = 0.0102 I3x3 € R3X3

c=0.010

Initial values of MOI of RLS

Initial values for COM offset of RLS

Initial variance of RLS

jzz,O :1g'm2’ jyy,O =lg-m2, jzz,():lg'm2

Zopr=0mm  Gopp=0mm

2, = diag ([10002  1000® 1000® 100% 100%]) € R5*®

Initial values of mass of RLS2 m =100 g
Initial values of sensor location of RLS2 ~ €OMz, mMu =0mm

" : g 2 2 2x2
Initial variance of RLS2 292,0 = diag ([500 100 D € R4%
Low-pass filter setting arrs = 0.2

Estimator Enable condition

_ 2
0z qllow = 0.1m/s

Interval 2
-t

Tdes.

Tav

m

0 5 10 15 20 25 30 35 40 45 50

t (sec) Interval 2
y—t
— 1F i 23 Yaes
Sosf ! Yav
= ol i
0 5 10 15 20 25 30 35 40 45 50
Interval 1 t (sec)
G z—t

Zdes

Zav

T
i
i
i
! 4
5 10 15 20 25 30 35 40 45 50
t (sec)
P—t

Interval 3

Yes
Yav

Y (rad)
cooo
olhbow

0 5 10 15 20 25 30 35 40 45 50
t (sec)

FIGURE 5. Generated trajectory data for inertia parameter estimation.

simultaneously while maintaining the height of the first target
position. The final destination of this yaw trajectory was 45°
(0.7854 rad) from the initial yaw.

D. GENERATED FLIGHT DATA

In Figure 5, the blue and red lines denote the desired position
and yaw trajectory generated through the triple integral
method and the aerial vehicle’s tracked position and yaw data.
During Interval 1, the vehicle reached the designated height
but did not move in the horizontal direction. In contrast,
a horizontal motion was applied during Interval 2. During
Interval 3, yaw motion was created.
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V. SIMULATION RESULTS

The estimator setup is presented in Table 8 before explaining
the simulation analysis. Table 8 shows the initial values and
variances for KF, RLS, and RLS2, as well as the low-pass
filter coefficients and estimator conditions.

A. ANGULAR ACCELERATION DATA ANALYSIS

The angular acceleration data are shown in Figure 6. The
blue, red, and yellow lines represent the differentiation of
angular velocity measured by IMU, the one estimated by
KF, and the ground truth, respectively. As mentioned in
the generated flight data subsection, during Interval 1, only
vertical motion exists; therefore, the angular acceleration
data show insufficient excitation for the dynamic parameter
estimator to infer the parameter. Angular acceleration along
the x- and y-axes shows that oscillation occurs during Interval
2. The one along the z-axis oscillates enough for the estimator
to correct the z-axis MOI parameter during Interval 3. The
differentiation of angular velocity estimated by KF tends to be
noisy before Interval 2 or 3. After the beginning of Interval 2,
the noise of the x- and y-axis angular accelerations through
KF becomes less than that through IMU. In addition, the noise
of the z-axis through KF does so after the start of Interval 3.
The noise is mitigated when the oscillation starts because
the KF puts more confidence in the process model than
in the measurement model, and the process model has less
noise than the IMU sensor. Table 7 shows each component’s
root-mean-square error (RMSE) from O to 50 s. Angular
acceleration through KF is more accurate than that through
IMU because, while RMSE of the KF data is approximately
5 to 6 rad/s?, that of IMU takes about 7.
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FIGURE 6. Comparison of angular acceleration along x, y, and z axis.

TABLE 7. RMSE of angular acceleration.

RMSE p (rad/s?) g (rad/s?) 7 (rad/s?)
IMU 7.35 7.46 7.43
KF 5.26 5.44 5.80

Interval 1 Interval 2

Jy.nLs

Ty RLS w

Interval 1 ¢ (sec) Interval 3

—> Nl <
O T ) Jeanis
2 40 ! ! H - i Jos, RLS with LPF
. 1 1 22 RLS with K F
S20 i i ! 1
© 1 1 1
] - ! - ]

0 10 20 30

t (sec)
FIGURE 7. MOI value estimation results along x, y, and z axis.

TABLE 8. MOI estimation result.

Relative Error Jzz (g - m?2) Jyy (g - m?) Joz (g -m?)
(%) (Est/True) (Est/True) (Est/True)
RLS —79.2 (%) —75.1 (%) —70.1 (%)

(10.3/50) (12.4/ 50) (17.9/60)

RLS with LPF —11.0 (%) —8.90 (%) —6.15 (%)

(44.4/ 50) (45.5/ 50) (56.3/60)

Observability- —2.66 (%) —1.10 (%) —0.60 (%)

aware RLS (48.6/50) (49.4/ 50) (59.6/ 60)
with KF

B. MOI ESTIMATION RESULTS

Figure 7 shows that the blue, red, yellow, and dotted lines
are the estimated values of MOI through RLS, RLS with
LPF, and RLS with KF and ground truth values. Even
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FIGURE 8. COM offset estimation results.

TABLE 9. COM offset estimation result.

Relative Error (%) Zoff (MmM) Yosf (Mmm)
(Est/True) (Est/True)
RLS —0.0225 (%) 0.0092 (%)
(7.9/8) (—21/ —21)
RLS with LPF 0.030 (%) (8/8) 0.060 (%)
(=21/ —21)
Observability-aware —0.060 (%) (8/8) 0.018 (%)
RLS with KF (=21/ —21)

though Interval 1 does not have sufficient oscillation to
correct MOI in Figure 6, RLS and RLS with LPF start to
correct MOI parameters during that interval. Eventually, the
estimation of the x-axis MOI parameter abruptly increased
during Interval 1, and that of the y-axis sharply decreased.
However, observability-aware RLS with KF does not correct
MOI values at that interval. It corrects the x- and y-axis MOI
values during Interval 2 and the z-axis MOI during Interval 3.
Therefore, according to Figures 6 and 7, the correction law
works. Consequently, the relative error for MOI estimation
in Table 8 is much lower for the observability-aware inertia
parameter estimation method than for RLS or RLS with LPF.
The observability-aware inertia estimation method showed
that the absolute value of the relative error was within
3 percent.

C. COM OFFSET RESULTS

In Figure 9, at 5.28 s, the estimator starts to correct COM
offset values. This is because the data processing and dynamic
parameter estimator RLS begin to correct these values when
the estimator is activated. COM offset estimation using RLS
with LPF has surge values, whereas the observability-aware
inertia parameter identification method and RLS do not.
This incorrect COM offset estimation was attributed to an
inaccurate MOI estimation. The final estimation result of
COM offset is not different from RLS, RLS with LPF, and the
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TABLE 10. COM offset estimation result.

Relative Error m(g) COM g vy COMy 1y 1r COM
(%) (Est/True) (mm) (mm) (mm)
(Est/True) (Est/True)
RLS —0.003 (%) —0.01 (%) 0.009 (%) —116.8 (%)
(499/500) (717.9/718) (21/21) (1.8/ — 11)
RLS with LPF —0.003 (%) 1.35 (%) 0.06 (%) —8.60 (%)
(499/500) (718/ — 18) (21/21) (710/ — 11)
Observability- —0.003 (%) 2.7 (%) 1.7 (%) —4.7 (%)
aware RLS (499/500) | (—17.9/—18) (21/21) (—11.5/—11)
with KF
m—t . COM oy —t
[ I I I I Moff, RLS g 0 I COM g 1av, mLS
500 [--mmmmmeeees = T Moff, RLS with LPF = 201 Mg\ RLS with LPF
rhnfj RLS with KF E or w“’i‘r.\u' RLS with KF
450 5 Moff, groundtruth ;;- o I S U S Tgroundtruth
, 3 o &
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t (sec)
80 COMy vy —t
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§ 250 ¢ = ’ ]
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150 + t (sec)
. COM ot
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50 r i \; (innnf.m_su,:/l:r(F
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FIGURE 9. Mass estimation results.
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FIGURE 10. Sensor location estimation results.

observability-aware inertia parameter identification method.
Table 9 shows that the performances of the three methods are
approximately the same because the observability of COM
offset is always guaranteed during flight.
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FIGURE 11. The red circle showing that the surge of the estimated sensor
location for RLS with LPF method.

D. MASS ESTIMATION RESULTS

The fact that the collective thrust is always greater than zero
makes the estimation of mass and COM offset consistently
observable. Therefore, there is no significant difference in the
performance between RLS, RLS with LPF, and our proposed
method, as shown in Figure 9. In Table 10, the relative errors
of the mass estimation through the three methods are almost
the same.

E. SENSOR LOCATION ESTIMATION RESULTS

With the RLS method, the relative height between COM
and IMU is incorrect in Figure 10; however, because COM
offset can be easily estimated, the inference on the x and y
coordinates of IMU in COM can be performed accurately.
In contrast, RLS with a low-pass filter has a surge in the
sensor location about x and y, as shown in Figure 11. This
is because the COM offset was estimated inaccurately at the
beginning of the inference. Our approach does not show surge
results for the x and y coordinates, and the observability-
aware inertia parameter estimation approach estimates the
relative height at the end of all trajectories. In Table 9, the final
estimated values for the mass and the x and y components
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of the sensor location have no significant differences among
the three methods. However, RLS tends to be susceptible to
the effect of angular acceleration noise; therefore, the relative
height is inaccurate. In contrast, our approach and RLS with
LPF showed absolute values of relative error within 8 and
5 percent, respectively.

VI. CONCLUSION

This study derived the process model’s variance to reflect the
MOTI’s uncertainty. This derived variance makes it possible
to adjust the proportion of confidence in the process model
to that of the measurement model. Through KF, the noise
amplitude significantly decreases when sufficient excitation
is applied to the aerial vehicle. In addition, MOI correction
law makes RLS aware of the appropriate time to correct the
parameter. Our approach has no sharp decrease or increase in
MOI, COM offset, or sensor location estimation compared
to RLS with LPF and RLS. Therefore, the stable flight
would be possible by using the real-time observability-
aware inertia parameter identification when the quadrotor
transports the non-symmetric package or building block for
construction.

In addition, this study shows that the dynamic param-
eter estimator infers on parameters even during the time-
optimal trajectory instead of the extreme one to make the
parameter observable. Thus, our overall algorithm pipeline is
expected to save energy and guarantee control stability while
considering position and attitude control coupling. Hence,
applying the coupling between the translational dynamic and
orientational models with consideration of the COM offset
would be possible through the algorithm of the observability-
aware RLS with KF.

In future work, adaptive control and trajectory generation
considering the coupling between position control and
attitude control will be covered. In addition, a disturbance
observer (DOB) will be used to reject the disturbance
by combining the observability-aware inertia parameter
identification. Moreover, the estimation and compensation
of the reaction torque generated by the movement of the
manipulator will be dealt with in future work.
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