Proceedings of the 2025 SICE Festival with Annual Conference

September 9-12, 2025, Chiang Mai, Thailand

Robust adaptive trajectory tracking of rigid body attitude
based on ISS-TCLF
Yasuyuki Satoh'’ and Toa Matsuda®

! Department of Robotics and Mechatronics, Tokyo Denki University, Tokyo, Japan
(E-mail: yasuyuki.satoh@mail.dendai.ac.jp, 21fr107 @ms.dendai.ac.jp)

Abstract: In this paper, we consider the trajectory tracking control of rigid body attitude subject to disturbance torque
inputs. To achieve robust trajectory tracking, we employ the concept of input-to-state stability trajectory tracking control
Lyapunov function (ISS-TCLF) and design a robust trajectory tracking controller based on the ISS-TCLF. We then in-
troduce an adaptive disturbance estimator to mitigate the effect of disturbances more efficiently. The effectiveness of the
proposed controllers is confirmed through numerical simulations.
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1. INTRODUCTION

Unmanned Aerial Vehicles (UAVs), including multi-
copters, are widely used in many applications such as
aerial photography, surveying, and transportation. In
such real-world applications, the robustness of the control
systems to various environmental disturbances is critical.
Specifically, precise attitude tracking control under such
disturbances is essential to avoid crashes.

For this robust attitude tracking problem, various non-
linear control methods such as sliding mode control [1,
2] or neural network-based approach [3] have been ap-
plied. In particular, many disturbance observer (DOB)-
based controllers [4-7] have been proposed. The basic
idea of the DOB is to estimate and cancel out the un-
known time-varying disturbances directly.

In contrast to the DOB, adaptive control estimates
unknown constant parameters. In recent years, adap-
tive control-based disturbance attenuation controllers [8,
9] have been proposed. The key idea here is to sepa-
rate the unknown time-varying disturbances (parameters)
into two parts: (i) the unknown constant term and (ii) the
unknown residual time-varying term. The adaptive con-
trol compensates for the former, and the latter is treated
by disturbance attenuation control. This approach is ex-
pected to be more robust to system modeling errors than
disturbance observers.

Along this line of research, an adaptive attitude con-
troller based on the control Lyapunov function (CLF) has
been proposed for the attitude stabilization problem of
rigid bodies [10]. This controller combines CLF-based
adaptive control with the disturbance attenuation con-
troller, which is based on the concept of input-to-state
stability (ISS). However, we cannot directly apply this
controller to the trajectory tracking problem considered
in this paper because the standard CLF is a design tool
for asymptotic stabilization.

The objective of this paper is to propose a robust adap-
tive trajectory controller for the rigid body attitude dy-
namics in the presence of disturbance torque. To do so,
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we introduce the concept of input-to-state stability track-
ing Lyapunov function (ISS-TCLF) [9], which is an ex-
tension of tracking control Lyapunov function (TCLF)
[11]. We first design a robust trajectory tracking con-
troller, which guarantees the ISS, based on the ISS-TCLF.
Then we extend this to the robust adaptive tracking con-
troller by introducing an appropriate parameter estima-
tion term. The effectiveness of the proposed controller is
confirmed through numerical simulations.

The rest of this paper is organized as follows. Sec-
tion 2 introduces some definitions and fundamental re-
sults used in the paper. The problem considered in this
paper is formulated in Section 3. In Section 4, we de-
sign a robust trajectory tracking controller based on the
ISS-TCLF and validate its effectiveness through numeri-
cal simulations in Section 5. We then propose the robust
adaptive trajectory tracking controller in Section 6. Fi-
nally, a brief conclusion is given in Section 7.

2. PRELIMINARIES

2.1. Unit quaternions [12,13]

In this paper, we characterize the attitude of rigid bod-
ies by using the unit quaternion ¢ € S® = {¢ €
R* | ||q]| = 1}. As is well-known, any rotation matrix
Re SOB)={RecR>3 | RTR =1, detR = 1}
is characterized by the unit quaternion by the following
map R:

R=R(q) = T+2roS(r) +2(5(r))?, (1)

where S(r) is a skew-symmetric matrix defined as fol-
lows:

0 —T3 T2

S(ry=| rs 0 - 2)
—ry T 0

For two given unit quaternions ¢, = (ro, 7)) and

q = (rop 7 ) T, the quaternion multiplication is defined
as follows:

T
—T0aT0b + 757
—T0aTv — T0bTa — S(Ta)rb

da @ qp = 3)



The conjugate of a unit quaternion ¢ = (79 r ") is de-
finedby ¢=! := (rg —7")T.

2.2. Robust trajectory tracking based on ISS-TCLF
91
In this subsection, we introduce the basic definitions
and results of robust trajectory tracking control of nonlin-
ear systems based on input-to-state tracking control Lya-
punov function (ISS-TCLF). Let us consider the follow-
ing nonlinear control system:

T = f(x)+ g(z)u+ h(z)d

m l 4
= f@)+ > gilx)u; + Y hi(x)d;, @
i=1 =1

where d € R! is an exogenous disturbance and the map-
pings g; : R® - R™ (i = 1,...,m) and h; : R" —
R™ (¢ = 1,...,1) are assumed to be locally Lipschitz
continuous.

We first introduce the standard trajectory tracking con-
trol problem for system (4) with d = 0. The following
assumption is essential for trajectory tracking:

Assumption 1. Consider the nonlinear system © =
f(x) + g(x)u (ie., system (4) with d = 0). We suppose
that a C? desired trajectory x4 : [0, 00) — R™ satisfying
the following equation is given:

&g = f(xa(t)) +g(za(t))ur(t), Vt =0, (5)

where u, : [0,00) — R™; t > [up1(t), ..., U (8)] T is
the corresponding C reference input.

Remark 1. Note that Assumption 1 requires the desired
trajectory to be realizable; in other words, the system it-
self must be able to generate x4(t).

Under Assumption 1, the trajectory tracking problem
is formulated as follows:

Definition 1 (Trajectory tracking). Consider the nonlin-
ear system & = f(x)+g(x)u (i.e., system (4) withd = 0).
Let x4(t) and u..(t) be the desired trajectory and the cor-
responding reference input, respectively, satisfying As-
sumption 1. Then, the trajectory tracking control prob-
lem is to design a time-varying continuous state feedback
controller u = k(t, x) such that
(Al) for any Ty € R", the solution xz(t) is uniformly
bounded on [0, 00),
(A2) the tracking error e(t) := x(t) — x4(t) converges
to zero as t — o0.

By using the tracking error variable e(t) and the new
input @ := u — u,(t), we can obtain the following error
dynamics:

€= f(t’ 6) =+ g(tv 8)’&, (6)

where

ft.e) == fle+zat)) — fzalt)) 7
+ [g(e + za(t)) — g(za(t))]ur(t),

g(t,e) = gle +za(?)). (®)
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Note that e(t) = 0 is equivalent to z(t) = x4(t), and
hence, the trajectory tracking problem reduces to asymp-
totic stabilization of e = 0 of the time-varying error sys-
tem (0).

Next, we consider the robust tracking problem when
d # 0. In this case, the error system is given by

é= f(t,e) + g(t,e)a + h(t,e)d, )
where
h(t,€) := h(e + za(t)). (10)

Just as the standard trajectory tracking corresponds to
asymptotic stabilization of the error system (6), the ro-
bust trajectory tracking considered here corresponds to
input-to-state stabilization of the error system (9) in the
following sense:

Definition 2 (Input-to-state stability). A state feedback
@ = k(t, z) said to input-to-state stabilizes the origin of
system (9) if there exist 3 € KL and x € K such that

le(®)]] < Ble(0),£) + x (oi‘iﬂt d(T)||> >0,
o (11)

To achieve robust trajectory tracking, i.e., input-to-
state stabilizes e = 0 of (9), the following input-to-state
stability tracking control Lyapunov function (ISS-TCLF)
plays an important role:

Definition 3 (ISS-TCLF). A C' differentiable function
V : R x R"®™ — R is said to be an input-to-state stable
tracking control Lyapunov function (ISS-TCLF) for the
error system (9) if the followng conditions hold:

(BI) there exist positive definite proper functions V.,V :
R™ — R such that

V(e) <V(t,e) <V(e), Vt >0, Ve € R", (12)

(B2) there exist p € Ko, and a positive-definite function
Q : R™ — R such that

lell = p(lldll)

. 2% . ~

13)

Based on the ISS-TCLF, we can input-to-state stabi-
lizes e = 0 of the error system (9) as follows:

Theorem 1. Let V(t,e) be an ISS-TCLF for the error
system (9) and let p € K the corresponding function
satosfying the condition (B2) of Definition 3. Then, the
Sollowing time-varying state feedback @ = k(t, e) input-
to-state stabilizes e = 0 of the error system (9).

i =k(te):= —p(t,e)L;VT, (14)
w+ /w? + || Lg V!
L;V #£0
p(t,e) := ILzV |2 (LgV # ), (15)
0 (LgV =0)
ov
wltse)i= GE LV VI ). a6)



Remark 2 (Implementation of the controller (14)). It
should be mentioned that the state feedback (14) is given
for the error system (9). Hence, to apply this feedback to
the original system (4), the following input transforma-
tion is required:

u=k(t,x) :=k(t,x — xq) + ur(¢). (17)

3. PROBLEM FORMULATION

By using the rotation matrix R € SO(3), the rigid-
body attitude dynamics is represented as follows:

R = RS(w)

w=J Y ~wxJu)+J 'r+J 14, (1%
where w € R? is the angular velocity, J € R3*3 the
symmetric positive-definite inertia matrix, 7 € R? the
input torque, and d € R? the disturbance torque.

To consider the attitude tracking of system (18), we
introduce the following assumption:

Assumption 2. We suppose that the desired attitude tra-
jectory Ry : [0,00) — SO(3) is generated by the follow-
ing system:

Ry = RyS(wa), (19)

where wg : [0,00) — R? is the corresponding C! desired
angular velocity. We also suppose that both wq and wq
are bounded on [0, 00).

With the use of the error variables
R=RJR, & =w— g, @q=R"wy, (20)

it follows that the attitude error system is obtained as

R = RS(@)
w=J1 [ w wdw—S(@d)de—Rszd] 21
+J Y+ 714,
where
Y(@0,0q) := S(Jw) + S(Jwg) — [S(@a)J + JS(@4)] -
(22)

We then transform the error system (21) by using unit
quaternions. Let g; € S® be the desired quaternion satis-

fying Rq = R(qq). The attitude tracking error, expressed
in terms of unit quaternions, is defined as follows:
g:=(ror ) =q;'®q (23)

Based on the discussions of [12-14], we finally obtain
the following error system:

1 (t+d),
(24)

& =J[B(@,0a)@ — 77 (q,0a, wa)] + T
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where 7; ¢ is the feedforward torque defined as follows:

711 (G, @a, Wa) := JR'(q) + S(wq) J@a. (25)

By using e := [f" @']" and @ := 7 — 7y, the error

system (24) can be transformed into the form of (9) with

1
) , —§TTOJ
Fte)=1_ i+ s(e|
RPN (26)
JTIE(w, 0q)w
itt.e) =it = | 91

The objective of this paper is to achieve robust
attitude tracking, i.e., input-to-state stabilizes e =
([~1, 0, 0, 0] T, 0) of the error system (24) based on the
ISS-TCLFE.

4. ROBUST TRACKING CONTROLLER
DESIGN BASED ON ISS-TCLF

To apply the robust tracking controller, we design an
ISS-TCLF for the error system (24). The following theo-
rem is the first main result of this paper:

Theorem 2. The following function is an ISS-TCLF for
the error system (24):

1(@

2 27)

V(q,®) = 2a(Fo + 1) + —T7) " J(@w —T7),
where o > 0 is a positive constant and T’ € R3*3 g
constant positive definite symmetric matrix. Moreover,
any class Koo function p satisfies the condition (B2) of

Definition 3.

Outline of the proof:
Here we give the outline of the proof of Theorem 2. As
discussedin [11], V (G, ) is a TCLF when d = 0. Hence,
the condition (B1) of Definition 3 clearly holds. The con-
dition (B2) is proved by a similar discussion in the proof
of Theorem 2 of [10].

Based on (26) and (27), we can calculate L fV, LzV
and L;V as follows:

LV =—ar'®

+ (@—-T7)" | S(@,wq) — zJT(70] + S(7))
LV = L}"LV = %g(tv e)=(w— FF)T (28)

Finally, we can construct the robust tracking controller
by substituting (28) into (14) and designing the class Ko
function p~1(|le]|).

5. SIMULATION STUDY

In this section, we confirm the effectiveness of the de-
signed robust tracking controller on numerical simula-
tions. The system and controller parameters are set to



J = diag (3.0, 3.0, 3.0), « = 1, and T = I. We employ
the following function as p=1(||e||):

= (llell) = B(7o + 1] + [lwl)),

where [ is a positive constant gain, and we set 5 = 0.5
here.

In the following, for ease of understanding, we use the
ZYX-Euler angles (¢, 6,)[rad] to give the desired and
initial attitudes. Note, however, that simulations are per-
formed based on unit quaternions. Let us consider the
following desired and initial attitudes:

Tin (L
68111 9

(29)

ba(t) #(0) /3
ba(t) | = | 7 o 0| |000)| = |n/6 (30)
Ya(t) 60 ¥(0) /4

Moreover, the initial value of angular velocity is w(0) =
[-7/9, 7/6, —27 /9] [rad/s].

In the first simulation, we consider the following dis-
turbance torque d; (t):

di(t) =

The simulation results are shown in Fig. 1. According to
the figures, we can confirm that the trajectory tracking is
achieved, subject to the disturbance in this case.

To clarify the problem of the controller (14), we then
consider the following disturbance torque that contains
constant terms:

do(t) = [sin(2) + 1.5 —1.5cos(2t) — 1.0 0] .
(32)

Note that the difference between d; (t) and da(t) is that
the latter contains the constant terms, and the former does
not. The simulation results with da(t) are depicted in
Fig. 2. We can see that the effect of the disturbance is
not mitigated. As a consequence, the trajectory tracking
is not achieved.

These simulation results indicate that the controller
(14) is not robust to the constant disturbances.

6. EXTENSION TO ROBUST ADAPTIVE
TRACKING CONTROLLER

6.1. Controller design

" G1)

[sin(2t) —1.5cos(2t) 0

To deal with the problem pointed out in Section 5, we
propose a robust adaptive tracking controller in this sec-
tion. The key idea here is to represent the disturbance
d(t) as

d(t) = deonst + (Z(t)a (33)

where d.,,.: 1S the constant term and d(t) the residual
time-varying term. To mitigate the effect of d.opst, We
introduce the additional state variable dconst, which is the
estimate of d.,,s:. Based on the results of [9, 10, 14], we
propose the following robust adaptive tracking controller:

U= ];(t7 6) + Czconsta (34)

deonst = ALV T, (35)
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Fig. 1 Simulation results of the robust controller (14)
with the disturbance d; ()

where INc(t, e) is the robust tracking controller designed
in Section 4 and A = diag (A1, A2, A3), where each
Ai > 0 (i = 1,2, 3) is the adaptation gain for i-th element
of Czconst-

6.2. Simulation results

To confirm the effectiveness of the adaptive controller
(34)-(35), we perform a computer simulation. We set the
adaptive gain as A = diag (1, 1, 1). Other parameters
and simulation conditions are the same as those in Sec-
tion 5.

Simulation results with the disturbance d;(t) are
shown in Fig. 3. As can be seen in comparison with
Fig. 1, introducing the adaptive compensation term d o, s
does not deteriorate the control performance. Then we
show the simulation results with the disturbance d»(t) in
Fig. 4. In comparison with Fig. 2, we can confirm that
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the trajectory tracking is achieved even under the distur-
bance ds(t). This indicates the effectiveness of the adap-
tive compensation of dgopst-

7. CONCLUSIONS

In this paper, we have considered the robust trajectory
tracking problem of rigid body attitude. We first intro-
duced the ISS-TCLF for the attitude error system and
designed the robust trajectory tracking controller. Based
on numerical simulation results, we found that the de-
signed controller is not robust to disturbances containing
constant terms. To solve this problem, we extended the
controller to a robust adaptive tracking controller by in-
troducing the constant disturbance estimator. The effec-
tiveness of this adaptive controller is confirmed by the
numerical simulation.
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Fig. 3 Simulation results of the robust adaptive controller

(34)—(35) with the disturbance d; (t)

Finally, future directions include a theoretical analysis
of disturbance attenuation performance compared to non-
adaptive tracking controllers. In addition, the extension
to the global tracking controller is also a critical issue.



200

—
150(- s @ — 0 |1
Y — ] |

3
8

w

Attitude error [deg]
S

-100 -

-150

-200

0 5 10 15 20 25 30
time [s]

(a) Attitude error

200

150+ J—

1001

w
S

%3
S

-100 -

Angular velocity error [deg/s]

-150

-200 : ; ; ; ;
0 5 10 15 20 25 30
time [s]
(b) Angular velocity error

10

Ty
S—
Ty

Input torque [Nm]

5 10 15 20 25 30
time [s]

(c) Input torque

Parameter estimate

o s 10 15 2 23
Time [sec]
(d) Parameter estimate
Fig. 4 Simulation results of the robust adaptive controller
(34)—(35) with the disturbance d»(t)

ACKNOWLEDGEMENTS

This work was supported by JSPS KAKENHI Grant
Numbers 20K 14769 and 25K07805.

305

The authors would like to thank the anonymous re-
viewers for their constructive feedback.

REFERENCES

[1] Q.Huetal., “Adaptive Fixed-Time Attitude Tracking
Control of Spacecraft With Uncertainty-Rejection
Capability”, IEEE Trans. Syst., Man, Cybern. Syst.,
Vol. 52, No. 7, pp. 46344647, 2022.

Z. Guo et al., “Global Finite-Time Stabilization of

Spacecraft Attitude With Disturbances via Contin-

uous Nonlinear Controller”, IEEE Trans. Aerosp.

Electron. Syst., Vol. 59, No. 3, pp. 2608-2620, 2023.

H. A. Hashim and K. G. Vamvoudakis, “Adaptive

Neural Network Stochastic-Filter-Based Controller

for Attitude Tracking With Disturbance Rejection”,

IEEE Trans. Neural Netw. Learn. Syst., Vol. 35, No.

1, pp. 1217-1227, 2024.

C. Feng et al., “Adaptive Neural Network Stochastic-

Filter-Based Controller for Attitude Tracking With

Disturbance Rejection”, IEEE Access, Vol. 8, pp.

20013-20027, 2020.

J. Zhang et al., “Disturbance Observer-Based Adap-

tive Finite-Time Attitude Tracking Control for Rigid

Spacecraft”’, IEEE Trans. Syst., Man, Cybern. Syst.,

Vol. 51, No. 11, pp. 6606-6613, 2021.

W. Zhu et al., “Disturbance Observer-Based Active

Vibration Suppression and Attitude Control for Flex-

ible Spacecraft”, IEEE Trans. Syst., Man, Cybern.

Syst., Vol. 52, No. 2, pp. 893-901, 2022.

T. Kanamori and H. Nakamura, “Trajectory Tracking

Control for a Nonlinear System via a Time-Varying

ISS-TCLF and Disturbance Observer”, Proc. of

CACS 2021, pp. 1-6, 2021.

K. Chen and A. Astolfi, “Adaptive Control for Sys-

tems With Time-Varying Parameters”, IEEE Trans.

Autom. Control, Vol. 66, No. 5, pp. 19862001, 2021.

Y. Satoh et al., “Robust Adaptive Trajectory Tracking

of Nonlinear Systems Based on Input-to-state Sta-

bility Tracking Control Lyapunov Functions”, IFAC-

PapersOnLine, Vol. 54, No. 14, pp. 388-393, 2021.

[10] K. Ohno et al., “Disturbance Rejection Control of
Rigid Body Attitude Based on Nonsmooth Control
Lyapunov Function”, Proc. of IEEE IECON 2018,
pp. 2293-2298, 2018.

[11] S. Nomura et al., “Path-Following Control of
Rigid Body Attitude by Using Minimum Projection
Method”, Proc. of IEEE CCTA 2018, pp. 1591-1596,
2018.

[12] C. G. Mayhew et al., “Quaternion-Based Hybrid
Control for Robust Global Attitude Tracking”, IEEE
Trans. Autom. Control, Vol. 56, No. 11, pp. 2555-
2566, 2011.

[13] B. Siciliano et al., Robotics: Modelling, Planning
and Control, Springer, London, 2009.

[14] T. Hatayama and H. Nakamura, “Discontinuous
adaptive control of attitude of rigid body by using
minimum projection method”, Proc. of SICE 2014,
pp. 1424-1429, 2014.

(2]

(3]

[4]

(5]

(6]

[7]

(8]



