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Abstract—1In this paper, a data-driven adaptive control
approach is developed for unknown underactuated Euler-
Lagrange systems. The proposed approach can deal with the
nonlinearity and handle unmodelled dynamics, model uncer-
tainties and unknown disturbances in underactuated systems.
At first, coupled sliding variables are defined to combine the
dynamics of actuated and unactuated states. The time-delayed
estimation (TDE) technique is applied to deal with all the un-
known factors in the dynamics of sliding variables. A constant
gain matrix is the main design parameter and influences both
the closed-loop stability and the tracking performance. The
data-driven approach developed in this paper can find the
constant gain matrix directly from the input and output data
without any knowledge of the inertia matrix. To deal with the
TDE error, an adaptive sliding mode control is integrated. The
proposed approach is illustrated with an example of an offshore
boom crane.

I. INTRODUCTION

Euler-Lagrange systems [1] exist widely in many practical
systems in the real world [2], [3]. Underactuation arises
in Euler-Lagrange systems whenever the number of inde-
pendent control inputs is less than the degree of freedom,
such as cranes [4], satellites [5], underwater vehicles [6],
unmanned aerial vehicles (UAV) [7], [8] and mobile robots
[9]. Though underactuated systems have shown the merits in
terms of simpler structure, less cost and energy consumption
and better operational flexibility, the controller design for
underactuated systems is still a challenging task [10], [11].

To guarantee the stability and controllability of nonlin-
ear underactuated Euler-Lagrange systems, different control
approaches have been introduced. For instances, plenty of re-
markable works including transformation into fully actuated
form [12], energy-based control method [13], backstepping
control methods [14], model predictive control [15] have
been proposed for the underactuated systems. However, the
precise model and the accurate system parameters are re-
quired. To deal with model uncertainties and external distur-
bances, sliding mode control [12], [16], [17] and disturbance
observer based approach [18] have been employed. However,
a nominal model of the system is still needed.

The time-delayed control (TDC) has been originally in-
troduced by [2] and [19] to handle fully actuated Euler-
Lagrange systems with model uncertainties, unmodelled dy-
namics or unknown disturbances. The main idea of TDC
is to make use of the continuity of the system dynamics
and use the measurement information at the last time instant
to approximately estimate all the unknown terms in the
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system at the current time instant. A constant gain matrix is
introduced to replace the inertia matrix, so that the original
highly nonlinear and strongly coupled dynamics of the Euler-
Lagrange systems can be linearized and decoupled.

TDC has been widely applied in fully actuated systems
but rarely in underactuated systems, because the stability and
robustness rely on the system being fully actuated. In [20]
and [21], the reduced order TDC has been introduced for
underactuated systems. In [22] and [23], an adaptive control
approach using time-delayed estimation (TDE) technique
has been introduced to remove the restrictions of structural
constraints and the requirement of a prior knowledge of
some dynamic terms such as Coriolis and friction in the
underactuated systems. Yet these approaches [20]-[23] in-
volve many tuning parameters and make the controller design
complicated. Moreover, the determination of the constant
gain matrix still depends on the information of the inertia
matrix.

In our previous publication [24], a data-driven TDC ap-
proach has been designed for fully actuated Euler-Lagrange
systems. In this paper, the data-driven TDC technique will
be extended and developed for underactuated Euler-Lagrange
systems with unknown dynamics. It will be shown that,
instead of controlling the states directly, sliding variables
are defined to couple the actuated and unactuated states.
The number of sliding variables is equal to the number of
actuators. Therefore, a fully actuated form in terms of sliding
variables can be obtained. Then, similar to the fully actuated
systems, a new constant gain matrix can be directly obtained
from measured input and output data. To deal with the TDE
error, an adaptive sliding mode control is integrated in the
data-driven design. The stability of the closed-loop system
will be proven. The proposed algorithm involves only few
controller parameters and the design effort is much lower
than the other TDC approaches for underactuated systems.

Notation: R, R>¢ and R, denote, respectively, the set
of real numbers, non-negative real numbers and positive real
numbers. I,, € R™*™ denotes an identity matrix. For a matrix
@, Q = 0 means that () is positive definite. For a real number
a, |a| denotes the absolute value of a. For a vector z, ||z| =
VaTx is the Euclidean norm of z. For a matrix Q, Amin(Q)
denotes the minimal eigenvalue.

II. PRELIMINARIES
A. System description

Consider the underactuated Euler-Lagrange system
M(q)i+ C(a,4)q + Glq) + F(@) +ds = [77 0T]" (1)
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where ¢ = [¢! ¢*---¢"]T € R™ is the vector of generalized
coordinates, M(q) € R™ ™ is the positive definite inertia
matrix, C(q,¢) € R™ "™ is a matrix of centrifugal and
Coriolis terms, G(q) € R™ contains the gravitational terms,
F(¢) € R™ denotes viscous friction, d;, € R™ describes the
unknown disturbances and unmodelled dynamics, 7 € R™
is the control input vector, where (n —m) < m < n. The
system (1) satisfies the following property.

Property 1 ( [1]): The inertia matrix M (g) is uniformly
positive definite, i.e. there exist two constants 1, ps € Ry
such that u1 I < M(q) < psl.

Let x=[2T 2Z)T=[¢" ¢"]. Then (1) can be rewritten as

j?l = T2 (23.)

iy =Y(z) + ¢(z)u (2b)
where u=[u! u? - u™ 0--- 0]T=[rT 0117, p(z)=M~1(q),
P(z)=— M~ (q)(C(q,d)q+G(q)+F(4)+ds) and f(0)=0.

Without loss of generality, we make the following assump-
tions, which hold generally in practical systems.

Assumption 1: The control input is bounded, i.e. v € U.
The boundedness is represented by a known constant Uy, ax,
ie || < Upax <00, Vj=1,--,n.

Assumption 2: The states (e.g. the positions and the ve-
locities) are bounded, i.e. x € X. For the Euler-Lagrange
system, the states are constrained by |¢7| < gmax < 00 and
|qj| S Qmax < 00, VJ = 17 , .

Assumption 3: The reference signals of the positions g,
and the velocities ¢" are bounded, i.e. x € X. For the Euler-
Lagrange system, the references signals are constrained by
|qr|§qhmax<oo7 QT‘SQT,max<OO and |(jr|§éjr,max<oo-

Under Assumption 2, Assumption 4 can be made.

Assumption 4 ( [1]): The function ¢ (x) in (2b) is locally
Lipschitz in z € X. That means, given any x; € X and any
z9 € X in the neighbourhood of zi, there exists always a
positive bounded number «(x1) that depends on x4, so that
[(x1) —(z2)|| < a(x1)]|z1 — x2||. Denote the maximum
of a(x1) over the set X by K7 = max,,ex a(x1).

At first, we rewrite system model (1) as

M(q)i+ N(g,4,ds) = [77 07]" (3)
where ¢ = [¢f ¢F]T is composed of the actuated
states g, € R™ and the unactuated states ¢, € R"™™,

Maa Mau mXxXm
M = MI M, } Moo € R , My, €

Rmx(n—m)7 My c R(n—m)x(n—m)7 N(q, q, ds) _
Clg.9)q + Gla) + F(q) + ds = [Ny N;J",Na €
R™ N, € R*™™.
The dynamics of the actuated and unactuated variables can
be equivalently rewritten as
Gu = =M Mgy — My, Ny )
Go = M;'7+ hq ®)
where h, = M;Y(My,M; !N, — N,) and My = M,, —
Mo, M I ME .

uw

B. Control objective
Let gr = [qgr q;{,r]T’ €a = 4a—Ya,r> €u = Qu —Gu,r be the
tracking error of actuated and unactuated states, respectively.

Define coupled sliding variables as
S(t) =T3Su(t) + TwSu(t) (6)
where S,=¢é,+7Y e, and S, =é,+7T e, are the sliding vari-
ables of actuated and unactuated states in (1), respectively.
T, e R™*m T, e ROv=m)x(n—m) T e RMmXm and ', €
R™*(n=m) are constant matries that satisfy T, >0, Y, >0,
I',>0 and I", >0 are coupling parameters.
Using (4) and (5), the time derivative of (6) yields
S =TSS4+ TSy = Tulla+ Taéa) + Tulén + Tuéy)
= f + S, + gt (N
where f = (0, — DM ML )h, — T, M N,, S, =
I‘aﬁraéa + FuTueu - Faéja,r - Fuéju,r and g = (Fa -
Doy M, Mg, )M
Consider the following controller designed by [22]
S .
VO ' to 1 [
T=4g ( AS Sr Tr)7 Ty {pf, if ||S|| <e
where A € R™*™ gatisfies A > 0, 7, deals with uncer-
tainties using the gain p and e is a small scalar to avoid
chattering. A more detailed explanation of controller design
in (8) can be found in [22]. Note that g is not a constant
matrix but satisfies the following assumption.
Assumption 5 ( [22]): A scalar E is known such that
lgg™ = Im| < E < 1. )
In [22] the closed-loop stability has been analyzed based
on Assumption 5 and the uniformly ultimately boundedness
of the closed-loop trajectories has been proven.

ITII. DATA-DRIVEN ADAPTIVE SLIDING MODE
CONTROL

In (9) the mathematical expression of g is still required
to select the matrix g. Though a sufficiently large g may
also satisfy Assumption 5, it may cause a weak or even
unstable tracking performance, as shown by [25]. Therefore,
g should be able to sufficiently represent the dynamics of g.
In this section, we shall present a data-driven approach to
determine g directly from the input and output data without
any knowledge of g.

A. TDE-Based sliding variable

Let gnew €R™*™ be a constant diagonal matrix. Then the
nonlinear system equation (7) at time ¢ can be rewritten as
S(t) = H(t) + GuewT(t) (10)
where H(t) = f(t) + Sr(t) + (9(t) — Gnew)7(t). For a
sufficient small sampling time Ty, the value of H(t) can be
approximated by its time-delayed value by considering the
continuity of the function H (t) [2],1.e. H(t) ~ H(t—Ts) =
S(t — Ty) — Gnew(t — Ty). Thus, one obtains
S = S0 + GnewAT + €(t). (1)
where €(t) = H(t) — H(t — Ts) denotes the TDE error.
So=8(t—T,), 7o = 7(t — Ty) and At = 7(t) — 0.

B. Data-driven determination of the diagonal matrix Gnew
To get the diagonal matriX gnew based on data while

guaranteeing the closed-loop stability, a persistently exciting

input signal is used to excite the system. Choose Gpeyw as

Gnew = diag{g', 5>, - -, 3™} (12)

®)
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Then the system (11) can be rewritten as m subsystems by
S9 = 8 + Glo AT + €, (13)
where § =[St 82 ... §m|T,

Assume that the system is controllable. At sampling
instants t = kTs, k = 1,2,---, N, a persistently exciting
control input sequence 77 (kT}) satisfying Assumption 1 is
used to excite the system to get the dynamic behaviour of the
system. In practice, some commonly used test signals such
as pseudo random binary sequence can be applied here.

The measurements of the states ¢/ (kT5), ) (kTs), ¢/, (kTs)
and ¢J (kT) are collected. Note that ¢’ (kT;) can be calcu-
lated by the Euler method as ¢/ (kT) = ¢° (bTe) =@ (k= D)Ts)

Under Assumption 1 and recalling Property 1, the follow-
ing Lemma can be obtained.

Lemma 1: Given system (1) with Property 1 and choose
a sufficiently small sampling time 7. Under Assumptions 1,
there always exists a finite positive number K1, so that the
function ¢ satisfies the following relation

G — doll < Killz — xo| +4M1_1UmaX7 (14)
where xg and ¢y denote, respectively, the value of z and ¢
at the last sampling instant.

Proof: Let xy and ug denote, respectively, the value
of x and u at the last sampling instant. Due to Property 1,
the matrix ¢(z) = M~'(q) is bounded by uy ' < ¢(z) <
,ul_ll . Under Assumption 1, we obtain

j=1,---,m

G — Goll = ll1(x) + P(x)u — P (x0) — d(20)uol|
< Killz — xol| + [|¢(2)u — dp(z)uo + ¢(x)uo — (o) uol|
< Kyl — @oll + py Hlu — woll + 27 uo| (15)

S Kle - xOH + 4#;1Umax-

Thus, the inequality (14) holds. [ ]

Making use of Lemma 1, the following lemma shows the
boundedness of the sliding mode variables S — Sp.

Lemma 2: Given system (1) with Property 1 and choose
a sufficiently small sampling time 7Ts. Under Assumptions
1-4, there always exists finite positive numbers K and K.,
so that the function S — Sy satisfies the relation ||S — Sp|| <
KUpax + K, Ts, where So = S(t — Ts).

Proof: From (7), we obtain ||S — So|| = ||Tués +
Faraéa +Fu6u +FuTueu - Faéa,O - 1_\aI\aéa,O - Fuéu,O -
Pu’ruéu,OH < [Fa Fu]”é —éol| + [FaTa FuTu]Hé —éol| <
[Ca Tullli—doll+[TaYa TuTullli—doll +[Ta Tullldr—
Groll +[CaYa TuYu]llgr — droll- Under Assumption 3, it is
reasonable to assume that there exists a constant K,. > 0 such
that [Fa Fu] ||QT *q‘r,O” + [FaTa FuTu] qu *(jr,O” S KT'TG-
Making use of Lemma 1 and considering that || — go|| <
|z — 20|, we obtain
[S=S0ll < [T Tu]ll§=doll+[TaTa TuYullg—Goll+EK T
<[Ta Tul(Killz — 2ol + 2#;1UmaX) (16)

+ [FaTa FuTu]Hq - QOH + K, T
= [[oK1 TuKil|lz — zoll + [QFaﬂl_l 2Fu1“1_1]Umax

+ [TaYe TuYulllz — xol] + K, Ts.
Many studies [26]-[28] assume that the actuator’s dynamics
are much faster than the dynamics of the system itself. Thus,
the change in the position 1 — 1,0 and the change in the

velocity x2 — 2 ¢ are much smaller than the change in input
u — up, i.e. ||z — ol < [lu — uol|.

Then, from (16) we obtain ||S—Sy|| < [[ K1 T'WKi]lju—
uoll +[2Capy " 2T upy WUmax + [CaTa TuTu]llu —uoll +
K, Ty < [2To(Ki+py ' +Ya) 20y (Ki4py "+ 0], ima +
K, Ty < KUpax + K, Ty, where K = 2T (K1 + p; ' +
Yo) 20 (K; + pit + 1)) ]

Assumption 6: For a sufficiently large number of data
samples IV in offline data set and under a persistently exciting
control input signal 7, the largest values

A} = max(|$7(KT.) - $1((k — 1T.))
) ) ) 17
Ay = max{[ (KT~ (k= DT}

provide a good estimation of the largest acceleration and the
largest input change in a bounded moving area.

Under Assumption 6 and making use of Lemma 2, the
following lemma shows that the TDE error € is bounded if
g',g%,---, g™ are selected suitably.

Lemma 3: There exists a constant € € Ry, such that
Ile || < €, if the sampling period T is sufficiently small and
g, g? ,- g™ in (12) are chosen as

_Asrjnax N/A (18)
Proof: Under Assumption 4 and considering (13), the

7=12,--- ,m.

max N>

TDE error ¢/, j = 1,2,---,m of j-th sliding variable is
|/ (KT3) =157 (KT) =87 ((k — 1)Ty) — ¢ Ar! (KT3)| (19)
Taking into account (17) and (18), we obtain
€ (KT, |=|$7 (KT.) ~ §7 ((k—1)T, >—§Smx AT (KTL)| =
AS Sj(kf*i_s-ff(“;‘”“ A:’(’“TN’ <A\
According to Lemma 2, |ej(k;}d3| < QAanaxN =

2max{| 7 (kT.) — $7((k — DT} < 2max{||S(kT;) —

S((k=DT)||} < 2KUnax+2K, T, Therefore, ||e(kT)|| =
Ej 1(69(kTy))? < € where é=/n-2K (K Upax+K,Ts).
Thus, the conclusion of Lemma 3 holds. |
According to Lemma 3, gnew can be selected as
_ . ASrlnax N A max N
Jnew = dlag{ A r}qax 7N o A/7—r7r¥abx,N } (20)

Correspondingly, the unknown TDE error € is bounded.

C. Data-driven adaptive control

Consider the following controller

T(kTs) = 7((k—1)Ts) + AT, 21

AT = Gol (=AS — Sy — Au,), Au, = K, - sgn(S)
where S =T,é,+ T YToeq +Tyéy + T, Tye, is the sliding
variable defined in (6). To tackle the bounded TDE error e,

an adaptive sliding mode controller Aw,. is introduced with
the gain K(t) defined as [29]
o — VB ISI-sgn(lIS] —ep) if Ko > p
R if Ky <p
with K,(0) > u, Ks >0, ¢ >0, x> 0 and sgn denotes
the sign function. The parameters €, > 0 and p are very small
and p is introduced in order to get only positive values for
K. Next, we suppose that K (t) > p for all ¢ > 0 [29].

(22)
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Using Lemma 3, the following Lemma shows that the gain
K, in Aw, in (21) will not increase to be infinity large.

Lemma 4: Given system (1) with Property 1 and choose a
sufficiently small sampling time 7 with the sliding variable
S defined in (7) controlled by (21), the gain K(¢) has an
upper-bound, i.e. there exists a positive constant K so that

Ks(t) < K7, ¥vt>0 (23)
Proof: Substituting (21) into (11) yields
S =—-AS— Kgsgn(S) + ¢ (24)

Suppose that the initial value |S(¢p)| > €,. From (22), K,
increases and there exists a time instant ¢; such that ST (t1) =
0 and K (t1) = || = AS(t1) + €(t1)||. From t = t;, the gain
K is large enough to make the sliding variable S decrease.
Thus, in a finite time ¢, S]] < €. It yields that the gain
K reaches a maximum value at ¢t = ¢ and decreases after
t=to. Then, there exists a time instant {3 > to such that
Sy(t3) = 0 and K(t3) = || — AS(t3) +€(t3)||. From ¢ = t3,
the gain K is not large enough to deal with the TDE error €
as K is decreasing. It yields that there exists a time instant
ty > t3 such that ||S(t4)|| < €. Then, the process restarts
from the beginning. By using Assumption 2 and Lemma 3,
the sliding variable S and the TDE error € are bounded. Thus,
the gain K(¢) is bounded uniformly on ¢t by K >0. ®

In the next, the error dynamics of the unactuated states
will be analyzed. Rewrite (4) by

éja = _(Mg;)_lMuu(ju - (Mg;)_lNu (25)
Substituting (25) into (7) yields
S =Taéa +TaYala + Tubu + TuTuly
= Pa(_(M(Z;)_lMuuéu - (Mg;)_lNu)

By substituting (21) and (26) into (11), we obtain
To(—(MZI) " *Myuéy — (ML) IN,) +ToYoéq + Tuéy +
DuYuéy = —AT 0o+l Yoeq+ e+ They)+e—Au,.
Let z, 1 = e, and x, 2 = &,. Then

Ty,1 = T2

x.u,Z = _ku,lmu,l - ku,Ql‘u,Z + b71(¢1t - AUT) 27
where ¢, =L (MZL )N, —T T oéq—Al4éa—AT Y seq+e,
kquAFZTu , ku,QZFUTH;_AFu , b:Fu_Fa (ngu)_lMuu'

One can design the I'; amd I';, such that b > 0 holds.

Therefore, k,; > 0 and k,2 > O hold. Let z, =

[Zj A, = [_]Su)l _kIu’z] B, = [le]' Then (27)
can be rewritten as

Ty = AuTy + Bu(¢u - AUT) (28)
Note that A, is Hurwitz and ¢, is a function including
system state g, reference signal ¢, and TDE error €. From
Assumption 2 and Assumption 3, both the true states and the
reference signals are bounded. From Lemma 3, € is bounded.
Therefore, there exists a constant ¢,, such that ¢, < ¢,,.

D. Stability analysis of the data-driven adaptive control

In this subsection, it will be shown that the tracking error
is uniformly ultimately bounded (UUB) [30]-[32].

Theorem 1: Given the plant (1) controlled by (21) where
Jnew 1 obtained by (18). Under Properties 1 and Assumption

1-4, the tracking error of the closed-loop system is UUB.

Proof: Consider the Lyapunov function candidate

1 1 1
V=-8+ (K, K)*+ =22,
where v > 0 is a positive scalar factor. As discussed in
Subsection C of Section III, one supposes that K (t)>u for
all £>0. Thus, we only discuss when K > in the following.

(29)

At first we show that the Lyapunov candidate function
V' defined in (29) is bounded by two continuous, strictly
increasing functions. Let v (|| ]]) = 0152+%(K5—K:)2+
cizy and Yo([|lzy ) = c25% + £ (K — K7)? + caaf;, where
c1 € Rxg, c2 € Rxg and ¢; < § < cp. Considering (29),
for the function V' it holds 1 (||zy]]) <V < ya(||zu]])-

Next, we show that the function V' is decreasing outside
a compact set of x,. From (21), (24) and (28), we obtain
V = S(-AS + € — K, - sgn(S)) + %(KS - K} K, -
[Sl[sgn([IS] =€) + 23 (Auzy + Bu(—Kssgn(S) + du)).

Because A, is Hurwitz, there exists a positive
definite matrix P such that 2l Az, < —alPgx,
holds. According to Lemma 3, |l¢]| < & One obtains
Vg(iASJrg)HS”iKS”S”JF (Ks*K:)KsHiHSQW(HS”*Eb)
oy Pry + [log [0 (KT + ¢u) = —[ISI(AS — €+ K) +
(Ks = K2)(=lIS|I + S Ks[1Slsgn(lIS|| = eb)) — 23 P +
[z 1671 (K + ¢u)).

From Lemma 4, there always exists K] > 0 such that
K,(t) — KX <0 for all ¢t > 0. It yields

V =—|S|(AS — &+ K?) — a] P,

* 1~
— K — K] ||{ —IS1H+ ;KSHSHsgn(HSH — &)

I A (L€ +¢3u)}
|1Ks — K&l .
Let & = AS—é+ K7 and & = —||S||+ 2 K|S |lsgn(]|S]| -

T (G )
€) TR—R5]

V== [8l&r = 2y Py — | Ky = K&
From Lemma 4 and (23), &1 > 0 holds.
In the next, we analyze the stability by considering two
cases. In the first case, ||S||>¢,. In the second case, ||.S]|<ep.
Case 1: Suppose that||S| > €. 5*2 is positive if —||.S|| +
LE.||Ssgn(|IS|| ) — 2G> 0. Thus, & > 0
holds if

(30)

. Then, from (30) one gets
(31)

Ksep| Ks — K3 ||

Wl Ky — K2+ [T (K + )
From Assumption 2 and Assumption 3, ||z,|| is bounded.
Thus, it is always possible to choose ~ such that (32)
holds. From (31), one get vV < 0. Therefore, finite time
convergence to a domain ||S|| < €, is guaranteed from any
initial condition ||S(0)|| > €p.

Case 2: Suppose that ||S|| < €. Then & can be negative.
So V could be sign indefinite. Therefore, it is necessary to
analyze V in terms of x,, in the domain ||S|| < ep.

(32)

v <

In the following, we consider the influence of unactuated
state x,, on V when ||S|| < €. Let p = Apin(P). Because
P is a positive definite matrix, there is p > 0 and a:fou >
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prlz, = p|lzL||||zy||. From (30) one obtains

. B " N 1 -
V <—|ISI(AS—e+ KJ)— || Ky — K ||(—||5||—;K5H5||

+p||wf|\||afu|| — [l o~ (K +¢u)) (33)
1K~ KT 1
Let & = —||S|| — %RSHSH + pllz, HHM‘Il\ Hf I\(li” (K*-&-%).
Then, from (33) one gets
V=—|S|l& — 1K, - KZ s (34)
If &, is positive, V is negative. £, > 0 holds, when
kallzull? = ksllzull = ke > 0 (35)

where k, = p > 0, ky = b YK* 4+ ¢,) > 0 and k, =
K=K [||S]| (142 K) > 0. Therefore, from (34) and (35),

. kp+r/k2+4dkoke o .
V <0, when ||z, | > =—Y5:—"" Hence, V is negative

outside of the compact set {||z,|| < Fotyky kake W}
Combining Case 1 and Case 2, the follov\;ling conclusion

can be obtained. When ||S|| > ¢, V is negative and V'

decreases. In the region ||S|| < €, V is negative and V still

decreases when ||z, || > Eo o/l Akake k +4k “ UUB of z, can be
concluded [30], [31], which 1mp11es that S, e,, é,, K, are
bounded. From (6), one gets

2y = —Yaeq — T (Tuéy + T, Yue) + 1S (36)
Because I'y > O, 1";1 exists. Considering Y, > 0 and
S, ey, €y, K being bounded, one concludes that e,,é, are
bounded. Therefore, the conclusion of Theorem 1 holds. m

IV. SIMULATION EXAMPLE

In this section, the offshore boom crane [22] is used
to evaluate the proposed data-driven approach. In Fig. 1,
{OXgYg} and {OXsYs} define, respectively, the Earth-
fixed and ship-fixed coordinates. ¢ is the luffing angle of
the boom, « is the swing with respect to Y of the payload
having mass my, x is the roll angle of the ship, L(t) is the
length of the rope, Pr, m and J are, respectively, the length,
mass and inertia of the boom and the point O. The system
dynamics can be described by [22], [33] as

M(q)i+Cla,d)q+Glg) +ds=[r" 0]". (37
where 7 = [ Tg}T,q =g ¢ q:ﬂT =0-V L a— X]T7

J+mp P —mpPrCi—3 —mpPrq251-3
M(q) = —mpPrCi_3 mMp 0 ,
—mpPLqQSFg 0 mpq2

Si—s = sin(q1 —g3), Ci-s=cos(q1 —g3),

the centrifugal and Coriolis terms C(q,¢) and the gravi-
tational terms G(g) can be found in [22], [33]. The true
system parameters used in the simulations are m = 20 kg,
m, = 0.5 kg, d = 0.4 m and J = 6.5kg- m?. In the
simulation, d, = (0.1sin(0.01¢) +d,,)[1 1 1]7, with d,, a
zero-mean Gaussian noise with variance 0.002.

The proposed data-driven adaptive controller is applied to
the offshore boom crane without using any model knowl-
edge. We only know the offshore boom crane belongs to
Euler-Lagrange system and the number of actuated states
and unactuated states. Select T, = diag{50,50}, T, =
50[1 1]7, T, = 8 and T, = 8 to generate the coupled
sliding variable defined in (6). The matlab function idinput

payload

Xg

Fig. 1: Schematic description of offshore boom crane [22]

is used to generate a persistently exciting input torque of each
joint w/ (kTy), k = 1,2,---N; j = 1,2. Let N = 213 =
8192. The position ¢/ and the velocity ¢/ are measured at
discrete time instants kT, k = 1,---, N. The sampling time
Ts = 0.001s. According to the coupled sliding variable given
in (6) with parameters ', = diag{50,50}, T', = 50[1 1]7,
T, = 8 and Y, = 8, the first derivative of the coupled
sliding variable S(kT5), k = 1,2,---,N is calculated by

the Euler method as S(kT,) = S )7STE(’“71)T) Among
max d

these 8192 data samples, the largest value ASJ
Aul . are obtained by (17), respectively, as ASmaX’ N =
[68.23 267.75]7 and Aumaxn = [2 2]7. Then the con-
stant gain matrix gne, 1S obtained from (20) as gnew =
diag{34.12,133.87}. Select A = diag{15,15}, K, = 2,
e, = 0.5, u = 0.5. The controller is constructed as (21).

For comparison, the adaptive robust control (ARC) ap-
proach [22] is applied. As shown in [22], the gain matrix g =
(Do =T M IMZT )M is not constant but designed based
on the knowledge of M(g) with the nominal parameters
my, = 0.45 kg and J =6 kg-m?. The parameters I', =
diag{50,50}, T', = 50[1 1]7, Y, =8, T, =8 and A =
diag{15,15} are chosen to be the same as in the data-driven
adaptive controller. The other parameters used in the ARC
approach can be found in [22]. The objective of transporting
the payload to (ar,by,) can be transformed into stabilization
around the position ¢]=arccos(ar/Pr), ¢5=+/P; — a3 —
br, ¢5=0. In the simulation, we take a;, = 0.4 m, by, =
0.2 m and P;, = 0.8 m, resulting in ¢} = 1.05 rad (i.e.
60 degrees), ¢> = 0.5 m and ¢ = 0. The initial states of
the system are chosen as ¢(0) = [0.2 0.1 0.1]T.

’g o '.‘I‘ ) IV I~___I_ —: _ —IVE _Iir »I‘ 77I _
S 50 H/ \y/ "7 -
o) b
= [—Data-driven - - -ARC Reference
s 0 L L L L N N N N T
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Fig. 2: Tracking Performance

As can be seen from Figure 2 and Figure 3, the data-driven
adaptive controller has reduced the overshoot of the tracking
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Fig. 3: Tracking Error

performance in ¢; and g3 achieved by the ARC controller.

The
also

oscillated performance in gy of the ARC approach has
been improved by the data-driven adaptive controller.

These results show that the data-driven adaptive controller
achieves a better tracking performance.

A

V. CONCLUSIONS
data-driven adaptive control approach is developed for

unknown underactuated Euler-Lagrange systems. Compared
with the existing TDC approaches, the proposed control
approach only uses the input and output data without using

any

knowledge of the inertia matrix. Moreover, only few

control parameters are required. In the future, the data-driven
optimal controller will be investigated to achieve the optimal
performance for underactuated systems.
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